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SUMMARY 
The thermodynamic behavior of s ingle  component f lu ids  i n  the  vicini ty  
of the gas-liquid cri t ical  point i s  br ie f ly  reviewed. I t  i s  pointed out that 
c lass ical  theories ,  based on the assumption t h a t  there exists an 'analyt ic  
equation of s t a t e ,  f a i l  t o  account s a t i s f ac to r i ly  fo r  experimental r e su l t s  i n  
the  cri t ical   region. Some predictions of recent  theoretical   studies  are 
considered and var ious cr i t ical  point  exponents are introduced. These currently 
a re  employed t o  describe observed divergences of the compressibil i t ies,  speci-  
f ic  hea ts  and other physical parameters, as the critical p o i n t  i s  approached. 
Acoustical and optical techniques for determining the properties of 
f luids are discussed and several systems developed f o r  such work during the 
present experimental study of critical point phenomena are described i n  d e t a i l .  
These include systems for  the measurement of the velocity of sound i n  the low 
kilohertz range and for  the veloci ty  and absorption o f  sound i n  the megahertz 
range, as well as those developed for  s tudies  of the Brillouin components i n  
the scattered l ight spectrum.  Precise  temperature  control and f lu id  ce l l  
f i l l i n g  procedures employed i n  the present study also are described. 
Results of extensive velocity of sound measurements in carbon dioxide 
are presented. A resonant cavity technique for isochoric measurements a t  
frequencies i n  the  vicini ty  of one kilohertz has been  employed and the values 
of velocity obtained are substantially lower than those reported by other 
workers.  Analysis of the data yields information on the  behavior of the adia- 
batic  compressibility and the  constant volume specific  heat. I t  has been 
concluded t h a t  for  C02 the adiabatic compressibility may diverge logarithmically 
as the cri t ical  temperature i s  approached from above along the cri t ical  iso- 
chore. In a d d i t i o n ,  the specific heat at  constant volume may also diverge 
logarithmically. 
Experimental data 0btained"i.n low frequency acoustic velocity measure- 
ments in sulfur hexafluoride and megahertz acoustic measurements  of velocity 
and  sound absorption i n  CO2 and SF6 also are presented, together w i t h  r e su l t s  
obtained i n  preliminary l ight scattering studies of these fluids i n  the 
cr i t ical   region.  
I. INTRODUCTION 
When a f lu id  exists as  a two phase system consisti.ng of a l i q u i d  phase 
and a vapor phase i n  equilibrium under ordinary laboratory conditions, it is 
usually easy t o  d i s t i n g u i s h  one phase from the other, since tfiere may be large 
differences i n  the values of most physical properties such as density,  specific 
heat, compressibility, viscosity, heat conductivity, optical refractive index, 
and so forth.  As the  temperature is  increased, however, the differences be- 
tween the  properties of the two phases become less  and less  pronounced. Final- 
ly ,  i n  the vicinity of the  c r i t i ca l  p o i n t  the differences vanish  and there is  
only a single gaseous phase above the critical temperature. 
Visual observations of the behavior of f luids  i n  the vicinity of the 
c r i t i c a l  p o i n t  and determinations of the i r  thermodynamic properties i n  this re- 
gion have  been  made for  more t h a n  a hundred years. The c r i t i c a l  temperature of 
carbon  dioxide was discovered by  Andrews i n  1869 [ l ] .  Until quite recently i t  
was assumed t h a t  the subject of c r i t i ca l  p o i n t  behavior was well understood. 
Small discrepancies between theory and experiment were at t r ibuted t o  experimen- 
t a l  d i f f i cu l t i e s .  However, precise measurements carried o u t  during  the  past 
decade have revealed several obvious differences between theory and experiment, 
and i t  now seems clear  t h a t  classical  theories relating t o  the behavior of ma- 
t e r i a l s  near their  cri t ical  point are totally inadequate t o  explain observed 
effects.  Efforts are being made  by  many workers t o  develop new theories,  some 
related t o  the Ising model [Z], which i n  two dimensional form was successfully 
applied t o  predict nonclassical behavior, and others which  have lead t o  various 
scaling-law equations of s t a t e  [3-51. 
On the experimental side, many groups are concentrating their  efforts 
on determining as  accurately as possible the properties of f luids  i n  t h e  c r i t i -  
cal  region. Approximately three years ago we decided t o  join i n  t h i s  e f fo r t ,  
since i t  forms a direct extension of research t h a t  has  been i n  progress for 
more than ten years in the Department of Physics of John Carroll University. 
In t h i s  work we are applying several techniques t h a t  we had developed for deter-  
m i n i n g  equilibrium and transport properties of l iquids.  These include  acoustic 
velocity and absorption methods and Rayleigh and Bril louin l ight scattering 
techniques. 
In the f i r s t  half of this  report  we sumnarize current knowledge  of 
c r i t i c a l  phenomena as  far  a s  i t  applies t o  the experiments carried o u t  by our 
group. The second half of the report contains a detailed discussion of the ex- 
perimental techniques we have  employed and the results we have obtained during 
the past two years i n  studies of the properties of carbon dioxide and sulfur  
hexafluoride i n  the cri t ical  region. We then compare our d a t a  with  those of 
other workers and with the predictions of recent theoretical work. For more 
information on c r i t i ca l  p o i n t  phenomena the interested reader is directed t o  
detailed theoretical papers on equilibrium properties by Fisher [6] and by 
Kadanoff e t  a1 [SI. A report of the  proceedings of a conference on c r i t i c a l  
phenomena held in 1965 [7] provides a summary of experimental work performed 
prior to  t h a t  date and Heller [8] presents an excellent review of recent work. 
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11. THERMODYNAMICS OF THE CRITICAL  POINT 
2.1 Definition of the Critical Point 
I t  i s  usually assumed that the behavior of  a f lu id  may  be expressed by 
an equation of state of the form 
f(P,V,T) = 0 
where f i s  some  we1 1 behaved function of the pressure P ,  the specif ic  volume V ,  
and the absolute temperature T.  Any s t a t e  of  the f lu id  can therefore be repre- 
sented as a p o i n t  on the surface of s t a t e  i n  the three dimensional PVT space. 
A sketch of a p o r t i o n  of this PVT surface for a typical f luid is  shown i n  F i g .  1 ,  
where the s ingle  phase regions of l i q u i d ,  vapor, o r  gas, and the two phase re- 
g ion  are  so labeled. Points on the latter portion of the PVT surface, which is 
enclosed by the coexistence curve C'CC" , represent those states of the f l  u i d  
where l i q u i d  and vapor coexist in equilibrium a t  the pressure, temperature, and 
total  specif ic  volume defining the point. By considering the intersections of 
the surface of state w i t h  planes perpendicular to the T ,  P ,  o r  V axis , respec- 
tively, the isotherms of  P versus V ,  the isobars of T versus V ,  and the iso- 
chores  of P versus T may be obtained. These are  shown i n  Fig. 2. 
The p o i n t  C in  Fig. 1 and i t s  projections indicated in Fig. 2 represent 
the  c r i t i ca l  p o i n t  s t a t e  o f  the  f luid which has been defined i n  several ways: 
( a )  I t  i s  tha t  s ta te  of  the f lu id  where the coexisting liquid and  va- 
por spec i f ic  volumes, and therefore the corresponding densities, become equal, 
i .e .  i t  i s  the uppermost point, in temperature and pressure, on the coexistence 
curve. The critical temperature TC, therefore,  i s  the highest temperature a t  
which the two d i s t i n c t  phases o f  liquid and.vapor may  be present simultaneously. 
( b )  Referring t o  Fig. 2a, the isotherm for T = Tc i s  usual ly  assumed t o  
have an inf lect ion p o i n t  a t  V = V c ,  so tha t  
Both of  these have been  used a s  def ini t ions of  the  c r i t i ca l  s ta te .  
I t  should be pointed o u t  that  theoret ical  questions have been raised 
recently  concerning  whether  conditions  (a) and ( b )  define the same s t a t e .  In 
addition, experimental data seem t o  indicate that higher order derivatives of 
the isotherms may also vanish a t  t h e  c r i t i c a l  p o i n t .  F.or the present, however, 
we shall  assume tha t  ( a )  and (b) define a s ing le  s t a t e ,  i . e .  t he  c r i t i ca l  p o i n t .  
In Table I we have summarized available experimental data on four  f lu ids  s t u d -  
ied extensively by researchers interested i n  c r i t i c a l  p o i n t  phenomena. 
The  f ac t  t ha t  t he  l i q u i d  and vapor densities become equal and tha t  the  
derivatives appearing i n  E q .  (2) a r e  ze ro  a t  the c r i t i c a l  p o i n t  leads to much 
of the i n t r i g u i n g  behavior t ha t  i s  observed as  a f lu id  sample i s  brought into 
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FIG. 1. SURFACE OF STATE I N  THE V I C I N I T Y  OF THE CRITICAL  POINT. 
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the vicinity of t h i s  s t a t e .  We wish to consider f i r s t  the general behavior of 
some thermodynamic quant i t ies  that  may  be deduced from the topology of observed 
PVT surfaces. 
2.2 Inf in i te  Thermodynamic Derivatives i n  the Two Phase Region 
Before considering 
ical  p o i n t  i t  i s  useful t o  
the two phase region. As 
i n  the coexi stence region. 
of V o r  the mass density p 
the behavior of a f luid i n  the vicinity of the  c r i t -  
discuss several obvious "anomalies" that occur i n  
indicated i n  F i g .  2a ,  the  isotherms have zero slope 
T h u s ,  the isothermal compressibility K ~ ,  i n  terms 
, given by 
KT 
i s  i n f i n i t e  for a f luid sample i n  this region. This merely means t h a t  i f  the 
volume of a liquid-vapor sample i s  changed a t  constant temperature the pressure 
does n o t  change as long as bo th  phases are present. As the volume is increased, 
some liquid evaporates, thus producing the required increase i n  volume, since 
the specific volume is  larger  for  the vapor t h a n  for the liquid. 
From the behavior of the fluid during this same process, i .e. expansion 
in the two phase region which takes place a t  constant temperature and a t  con- 
stant pressure, i t   i s  obvious t h a t  the thermal  expansion coefficient CY de- 
fined by P '  
Q = V- 1 ( a V / a T ) p  = - p  -1 ( a p / a T ) p  
P 
i s  a l so  inf in i te  in  the  two phase region.  Also,  since a t  constant  temperature 
an amount of heat dQ must be added t o  vaporize some of the liquid in a sample 
of total  mass m y  the  specific  heat a t  constant  pressure C defined by 
P '  
i s  i n f i n i t e  i n  the two phase region. 
On the other hand,  except in the immediate vicini ty  of the cr i t ical  
point, when heat i s  added t o  a f luid at  constant  volume i n  the two phase region, 
the temperature increases. Therefore, the specific heat a t  constant volume C v ,  
given by 
i s  f i n i t e .  T h u s ,  the ratio of specific  heats y*, defined  as 
y* = c /c  
P V  
i s  i n f i n i t e  over much of the two phase region.  Experimentally however, C i s  
observed t o  become large in the immediate vicini ty  o f  the c r i t i ca l  p o i n t  Xnd 
there  i s  evidence t h a t  along the critical isochore C v  versus T diverges weakly 
as T approaches Tc [9-131. 
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2.3 Inf in i te  Thermodynamic Derivatives . . i n  . . . the . - - One Phase Region 
In  the previous section we pointed out that several thermodynamic deriv- 
atives for a simple f lu id  a re  inf in i te  i n  the two phase region. This behavior 
i s  due t o  the phase t rans i t ion ,  i .e. evaporation of l iquid or condensation of 
vapor, and i s  n o t  due t o  any intrinsic property of e i ther  of the separate phases. 
Of more fundamental in te res t  is  the occurrence of inf ini te  der ivat ives  , again i n  
the vicinity of the cr i t ical  point ,  b u t  i n  the one phase region. We f i r s t  d i s -  
cussed the two phase i n f i n i t i e s ,  however, because we feel their occurrence is 
easi ly  understood, and in some sense may help explain similar behavior in the 
one phase regions. 
Consider, for example, the behavior of a fluid in the gaseous region. 
As the critical temperature T, i s  approached from above, as indicated earlier 
in Fig. Za, the slope of the Isotherms, representing P a s  a function of V ,  
approaches zero i n  the cri t ical  region, where the density p = pc , and we  may 
write 
lim[T+Tc,p+pC] KT + ~0 ; [T>Tc] (8) 
This same behavior of the isotherms leads one t o  conclude t h a t  the specific heat 
C must also  diverge,  i .e. P 
lim[T+Tc ,p-.pc] C p  + m ; c T’Tc 1 (9) 
Also, since the isobars behave similarly,  we have 
1 im[T+Tc,p-tpc] ap + m ; (10) 
Unfortunately, the occurrence of the observed divergence of C may n o t  be de- 
duced in such a d i rec t  manner  from the topology of the PVT sufface [14] and we 
shall defer considering i t s  behavior. 
Of major in te res t  i s  the exact manner i n  which the various thermodynam- 
i c derivatives diverge as the critical region i s  approached , since this may pro- 
vide information required t o  develop a satisfactory theory of dense f lu ids .  
This i s  the ultimate goal  of much of the experimental work on c r i t i ca l  po in t  
behavior currently i n  progress  in many l abora to r i e s .  I t  forms the basis of the 
acoustic and l ight scattering research init iated by the authors of this report 
and pertinent results are presented i n  la ter  sect ions.  
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111. CLASSICAL VERSUS NONCLASSICAL  BEHAVIOR 
So called classical  theories of  critical point behavior of  simple fluids 
begin with the assumption that  the Helmholtz f r ee  energy F i s  analyt ic  i n  the 
vicini ty  of the  c r i t i ca l  p o i n t ,  i . e .  tha t  F may be expanded as a Taylor series 
i n  temperature and spec i f ic  volume about the c r i t i c a l  p o i n t .  Such  an equation 
o f  s t a t e  was proposed by  van der Waals i n  1873 t o  explain the behavior of the 
isotherms of CO near  the cr i t ical  p o i n t .  Combined w i t h  Maxwell ‘ s  equal  area 
construction, tgis equation has been used quite successfully t o  explain a t  l e a s t  
qual i ta t ively much of the observed  behavior o f  f lu ids .  W i t h  some modifications, 
other analytic equations of s t a t e  may be obtained which yield good quantitative 
agreement w i t h  experiment over a large portion of the gaseous region. 
In recent years, however, there has been a growing rea l iza t ion  tha t  ex- 
perimental data on c r i t i c a l  p o i n t  behavior appears t o  be inconsistent w i t h  the 
predictions of  any theory based on the assumption tha t  F i s  analytic throughout 
the cri t ical  region. This  point may  be i l lus t ra ted  by considering the shape of 
the coexistence  curve. In the following figure, the projection of the coexis- 
tence curve on the temperature-density plane i s  sketched. 
Tempera ture/T\ 
/ 
Densi ty  
The density p ra ther  t h a n  the specific volume V i s  frequently employed, since a 
plot  of T versus p yields a more symmetric curve than that of T versus V .  A 
fluid described by the van der Waals equation of s ta te  leads  to  a coexistence 
curve sati sfying the expression 
PL - P v  % (Tc - TI1’*, CT<Tcl (11 I 
where p L  and p v  are  the densi t ies  of coexisting liquid and vapor, respectively. 
More generally, f o r  any classical  equation of state,  
9 
where B = 1/2, 1/4, ... , 1/(2n) w i t h  n being  a nonzero, positive integer, depen- 
d i n g  on the order of t h e   f i r s t  nonvanish ing  derivative of F w i t h  respect to V .  
Experimentally, however, very careful studies of the behavior of  a number of 
f luids  [15-171 have shown t h a t  the proportionality indicated i n  Eq.  (12) applies 
b u t  w i t h  the exponent B = 0.33 to  0.40, i . e .  n o t  the reciprocal of an even 
integer. T h i s  r e su l t  is typical of the type of differences t h a t  are noted be- 
tween the predictions of classical  theories and experimental resu l t s .  
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IV. CRITICAL EXPONENTS 
As pointed out i n  the previous section, experimental results appear to 
indicate that some exponents characterizing critical point behavior, such a s  
6 i n  the expression shown i n  Eq.  ( 1 2 ) ,  may differ  substant ia l ly  from the values 
predicted by analytic equations of s t a t e .  I t  has therefore become of in te res t  
t o  study i n  g rea t  de ta i l ,  bo th  theoretically and experimentally, these so- 
ca l led  c r i t i ca l  exponents. These describe the asympotic  behavior of various 
thermodynamic quantit ies as the cr i t ical  p o i n t  is approached  along different  
paths on the surface of s ta te .  
As indicated by Fisher [SI ,  a c r i t i ca l  p o i n t  exponent may be defined as 
follows:  Consider a thermodynamic quantity f t h a t  i s  a function of a parameter 
x. Assume x goes to zero as the critical point i s  approached from a given 
direction along a particular p a t h .  Then, i f  the relation 
lim I n  f ( x ) ]  = 71 
x 4  &I- 
is  sat isf ied,  the quant i ty  51 i s  defined a s  a c r i t i c a l  exponent for th i s  p a t h .  
Thus we  may write 
f (x )  % xT a s  x 4  (14)  
i . e .  f ( x )  behaves as X* asymptotically,  as the cri t ical  point is  approached 
along the defined p a t h .  
The quantity x may be the relative temperature difference E defined by 
T-Tc 
E = -  
TC 
o r  in  other  instances ( p - p  ) / p  ( P - P c ) / P c  o r  some similar  parameter. c c y  
The defining expression for the critical exponents  given i n  Eq. (13) 
does not exclude the existence of a logarithmic factor,  i .e.  
f ( x )  % xT IIn X I  (1 6) 
since i n  the l imit  a s  x-4,  f (x)  may be s e t  equal t o  xa for  T # O .  In 
addition, i f  T = 0 ,  there  are  several  possibi l i t ies :  e i ther  f (x)  may diverge 
as ( I n  x1 , o r  f ( 0 )  may  be f i n i t e  w i t h  f ( x )  being either continuous or discon- 
tinuous a s  x passes th rough  zero. 
Without extending the discussion t o  more complicated possi bil i t i e s ,  
i t  should be evident t h a t  d i f f i cu l t i e s  may a r i se  when one attempts t o  deduce 
unambiguously a particular form f o r  f ( x )  from experimental d a t a .  T h i s  i s  
par t icular ly  so since the experimental data i s  usually limited t o  a small 
temperature range. For example, i t  may  be shown that  i n  the limit a s  x goes 
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t o  zero, a  small algebraic power  law dependence (e.g. n--0.2 i n  Eq.  (14)) is 
indistinguishable from logarithmic behavior over small ranges o f  x .  
T h i s  formalism, however, as pointed o u t  by Kadanoff and others [5], 
does al low one to define the critical region in a  meaningful way. Referring  to 
. (13), i t  i s  t h a t  region on the PVT surface where  thermodynamic functions 
f E? x )  approach a specific behavior, i.e. a fixed exponent IT, a s  the pertinent 
parameter x approaches zero. 
Since i n  this report we are interested i n  the behavior of simple 
f luids  near the liquid-vapor critical p o i n t ,  we will now define several of 
the appropriate critical p o i n t  exponents fo r  t h i s  type of  system. Each applies 
t o  a specif ic  p a t h  on the PVT surface. 
a )  We have already introduced the exponent B used t o  describe the 
density difference p - p v  between coexisting liquid and vapor a s  the  c r i t i ca l  
temperature i s  approkched from bel ow: 
pL-pv % ( - E )  B [coexistence  curv ;E<o) (17) 
b )  The isothermal compressibility K~ of the gaseous phase diverges as 
E-' where y is   posi t ive,  as  the c r i t i ca l  temperature i s  approached from 
above along the critical isochore: 
KT % E-' [critical  isochore: p = pC;&>O]  (18) 
c )  I t  i s  possible t o  define exponents describing the behavior of the 
isothermal  cornpressibilities K and K~~ of the  liquid and of the vapor phase, 
respectively. I t  is found thaILthese two compressibilities  diverge i n  the 
same  manner as T approaches Tc. Thus a single exponent y' i s  su f f i c i en t  t o  
describe their behavior: 
d )  The behavior o f  the  c r i t i ca l  isotherm P = P ( p ) ,  = Tc i n  the  c r i t i ca l  
region may  be defined by introducing an exponent 6 :  
IP-Pcl 'L l p - p C l 6  [critical  isotherm: E=O] (20) 
e )  The f ina l  c r i t i ca l  exponents t o  be introduced here describe the 
behavior of the specific heat a t  constant volume C v .  Along the cr i t ical  iso-  
chore,  as T approaches Tc from above, C v  diverges and we write 
C v  % E: [critical  isochore: p = p C ; ~ > O ]  -a (21 1 
1 2  
f )  The specific heats of the liquid and o f  the vapor phase along the 
coexistence  curve may  be considered separately. As w i t h  the isothermal 
compressibil i t ies,  their  behavior i n  the cri t ical  region is  the same  and i t  
is possible to define a single exponent a': 
cV 
( - E ) - u '  [coexistence curve;e<~l 
L Y V  
g )  A t h i r d  exponent a" is very often determined from measurements of 
Cy on a two phase sample w i t h  mean density of pc,i .e.  along the extension o f  the 
cri  tical  isochore bel ow Tc 
I t  may be shown t h a t  asymptotically I C ~ = K ~ / ~ *  diverges a s  C v  and C 
In Table I1 the values for these exponents, determined experimentally 
diverges a s  K,-. P 
by various workers for several  f luids,  are summarized. The experimental 
values are compared with the exponents predicted using classical  theories as 
well as those obtained from calculations based on the three dimensional Ising 
model, i . e .  a nonanalytic  approach. I t  should be pointed o u t  t h a t  several 
rigorous exponent inequalit ies have been derived w h i c h  re la te  the  c r i t i ca l  
point  exponents  [18,19]. The  number of independent  exponents  necessary t o  
describe equilibrium quanti ties has n o t  been established , b u t  a n  attempt has 
been  made t o  re la te  a l l  equilibrium critical exponents t o  two basic ones  [18]. 
TABLE I 1  CRITICAL EXPONENTS 
Exponent Experiment Classical Theory 3 Dimensional 
Is i ng Model 
a 3 ;  ( 1 n )  0; (discontinuous) 0.125 
cil -0; ( I n >  0; (discontinuous) 0.0625 
B -0.35 0.5 0.312 
Y 2 - 1.2 1 .o 1.25 
Yl > L. 1.2  1 .o 1.312 
6 = 4 . 3  3.0  5.2 
The experimental values are average values for a number of single component 
f lu ids .  For the  experimental  values i n  specific  fluids,  see  references  [5,6,8]. 
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V .  ACOUSTIC MEASUREMENTS OF CRITICAL  POINT  BEHAYIOR 
We have pointed o u t  before t h a t  one of the objectives of cr i t ical  point  
measurements i s  t o  determine the c r i t i c a l  exponents of a number of thermodynamic 
quantit ies.  A few of these may  be obtained by thermodynamic measurements, 
such as direct specific heat measurements or isothermal compressibility measure- 
ments. As  we will show i n  the  following  sections, both  acoustic and l igh t  
scattering methods supply a wealth of information concerning c r i t i c a l  exponents. 
Since our group a t  John Carroll University has  been involved i n  acoustic and 
l ight scattering studies in the past few years, we decided t o  apply these 
techniques t o  the study o f  f luids  near the cri t ical  point.  
Studies of the propagation of  sound in fluids have yielded interesting 
data on critical point behavior. A summary of experimental results  obtained 
prior t o  1965 is presented by Set te  [ Z O ] .  In studies performed recently  in 
the Physics Department of John Carroll University we have  been able t o  extend 
the range and precision of such  methods. Our resu l t s  a re  summarized in l a t e r  
sections of this  report .  I n  this section we will outline possible applications 
of acoustic techniques i n  studies o f  cr i t ical  point  phenomena. 
5.1 Sound Velocity 
For a single-component fluid in thermal equilibrium the sound velocity 
u in the critical region in general may depend on the frequency v as well as 
the state variables P ,  T, and p .  Thus we  may write 
u = u ( P , T , v )  o r  (24) 
u = u ( P , T , v )  (25 1 
Measurements  of the velocity o f  sound yield directly the adiabatic compressi- 
bil i t y  K~ , and  t h i s  t o o  may  be expressed in the same manner: 
Here K ~ ( P , T , V )  i s  equal t o  the thermodynamic or static compressibil i ty only i f  
the  period  l/v of the  acoustic waves i s  long in comparison t o  the  relaxation 
time  of any ra te  dependent processes affecting sound propagation in the fluid. 
Therefore, sound velocity measurements should be  made a t  the lowest possible 
frequency t o  insure t h a t  the thermodynamic value o f  K~ i s  obtained. On the 
other h a n d ,  measurements of u as a function of frequency may reveal the 
presence of ra te  dependent processes t h a t  are expected t o  be associated with 
cri t ical   point behavior. 
I f  the sound velocity measurements are  made a t  low  enough frequencies 
t o  yield the static value o f  K ~ ,  the d a t a  can then be  mployed t o  determine 
the specific heat a t  constant volume C v .  The l a t t e r  i s  given by expression 
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As the critical temperature is  approac ed from above along the cri t ical  isochore,  
( a P / a V ) ,  becomes small compared t o  ~ ~ - 1 V - 1  and we  may write 
n 
From 
c r i  t 
same 
t h i s  i t  can be seen tha t  C, and K~ should diverge similarly 
ical  isochore above Tc. T h u s  t h e i r  behavior  should be descr 
exponent CL. 
along the 
i bed by the 
Sound velocity measurements, therefore, provide a method for deter-  
m i n i n g  the  behavior  of Cv which  complements direct  calorimetric methods. Since 
the latter yield values of Cv t h a t  effectively are averages over a small b u t  
f i n i t e  temperature range, they have inherent errors t h a t  may  become quite 
large i n  the vicinity of the cri t ical  point.  As already  pointed  out, measure- 
ments  of the sound velocity as a function of frequency also can yield informa- 
tion about rate dependent contributions t o  the adiabatic compressibility. 
5.2 Sound - Absorption 
When an  acoustic signal of frequency v i s  propagated,  energy i s  
absorbed and the sound intensi ty  I decreases  with  distance  traveled. The energy 
absorption coefficient a for plane wave propagation i s  defined by the equation 
where Io  i s  t he  in i t i a l  i n t ens i ty  a t  x = 0. The absorgtion coefficient i s  a 
function of the thermodynamic equilibrium  properties y = C / C  and the sound 
velocity u ,  and  a lso of the  transport  properties  including  'the  shear  viscos- 
i t y  T-,, the bulk viscosity 5 and the thermal diffusivi ty  A ' .  I t  i s  usually 
written as [Zl ] 
This expression for a applies as long as the energy absorption per wavelength 
ah i s  small. T h u s ,  i n  the cri t ical  region where a becomes very large, care 
should be taken i n  applying E q .  (30) without modification. 
As indicated i n  E q .  ( 3 0 ) ,  a is  a function of a number of quantit ies 
t ha t  a r e  expected to  depend strongly on the  s t a t e  parameters i n  t he  c r i t i ca l  
region  as  well  as on frequency.  Fortunately,  all b u t  the bulk viscosity 5 may 
be measured u s i n g  other techniques. Therefore, acoustic absorption measure- 
ments provide  the one feasible  method f o r  determining 5. This quantity i s  of 
grea t  in te res t  because i t  is  re la ted to  the s t ructure  of the f luid and  dynamic 
15 
changes of structure.  Sound absorp t ion  measurements  hould provide  information 
a b o u t  the structural relaxation processes t h a t  are believed t o  occur i n  the 
c r i t i ca l  region and measurements of  a versus frequency may yield d a t a  on the 
rate constants associated with such processes. 
I t   i s  appropriate t o  p o i n t  ou t  here t h a t  the shear viscosity coefficient 
Q may be measured using an  acoustic  technique [ 2 2 ] .  This i s  based on the 
determination of the damping ra te  of a mechanical resonator, such as a t u n i n g  
fork o r  a torsional  resonator, submerged i n  the  f luid.  In the  cri t ical   region 
such a method appears t o  be  more appropriate for measuring the shear viscosity 
t h a n  any  based on macroscopic  flow of  the fluid.  In addition, i t  also provides 
a method for determining  as a function of frequency, a t  l eas t  over  the  range 
from approximately 1 kilohertz t o  1 megahertz, and thus for determining the 
possible existence of shear relaxation effects in fluids in the vicinity of 
cri t ical  points.  This  appears t o  be a necessity if one  hopes t o  determine  the 
bulk viscosity 5 from  sound a b s o r p t i o n  studies.  
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VI.  LIGHT  SCATTERING  STUDIES OF CRITICAL PHENOMENA 
Since the advent of the laser ,  l i g h t  scattering has developed into one 
of the most widely used tools for studying the properties of materials. In 
f luids ,  quant i t ies  such as the thermal diffusivi ty  A' , the  ra t io  of specific 
heats y*, the sound velocity u ,  the iosthermal compressibility K T ,  and the 
sound attenuation coefficient a ,  among others may be determined from analyses 
of the intensity and the frequency spectrum  of the scattered l i g h t .  When a 
l i gh t  beam is  incident on a f lu id  sample, the l i g h t  sca t te red  a t  any angle o 
w i t h  respect to the incident beam consists,  i n  general, of a t  l ea s t  t h ree  
Lorentzian lines: one a t  the  frequency vo of the incident l i g h t  (the Rayleigh 
l i ne ) ,  and two frequency shifted components a t  vo + V B  and v0 - VB (the 
Brillouin-Mandel'shtam l ines) .  
Very br ief ly ,  when a single-component f lu id  is  b r o u g h t  in to  the cr i t ical  
region, the Rayleigh l ine  becomes very intense and narrow i n  w i d t h .  The 
frequency s h i f t  VB of the Brillouin-Mandel'shtam lines decreases and they also 
become broader.  Detailed  discussions o f  the  theory and application of l i gh t  
scattering techniques in studies of c r i t i ca l  phenomena are given i n  References 
[23] and [24]. Here we would 1 i ke only to summarize pertinent results and 
indicate how these techniques may  be employed t o  determine the behavior of 
several properties o f  single-component fluids in the critical region. 
6-.1 ." Integrated - ~ "  . Scattered ~~~.~ Intensity and -____ Critical  Opalescence 
A perfectly homogeneous  medium  would sca t te r  l igh t  only into the same 
direction as t h a t  of  the  incident beam. In 1910, Einstein,  following a sugges- 
tion by Smoluchowski, showed t h a t  i n  a real  f luid there is  scattering i n  a l l  
directions due t o  thermal fluctuations i n  density and temperature which lead 
t o  fluctuations i n  the dielectric constant E .  Let us repcesent the wave vector 
of the incident 1 ight beam of wavelength A by Eo , where I ko I = 2 7 ~ / h . ,  and the 
wave vector o f  scattered beam  by E'. Then the scattering vector 2 is defined as  
This relationship between the three wave vectors and their  re la t ion t o  the 
scattering angle o is  sketched i n  the following figure: 
Note t h a t  for the case considered here, Ik' I = ]kol t o  a very good approximation. 
Einstein showed t h a t  the intensity of the light scattered into a small solid 
angle a b o u t  the direction kl satifies the proportionali ty 
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where A E  i s  t h e  d e v i a t i o n  of t h e  l o c a l  v a l u e  of t h e  d i e l e c t r i c  c o n s t a n t  from 
i t s  e q u i l i b r i u m  v a l u e .  The b r a c k e t e d  f a c t o r  i s  t h e  a v e r a g e  for  t h e  e q u i l i b r i u m  
ensemble. The symbolic  form of t h e  f a c t o r  i n  brackets i s  meant t o  s i g n i f y  t h a t  
t h e  o n l y  f l u c t u a t i o n s  i n  t h e  d i e l $ c t r i c  c o n s t a n t  t h a t  c o n t r i b u t e  t o  t h e  s c a t -  
t e r e d  i n t e n s i t y  i n  t h e  d i r e c t i o n  k '  a r e  t h o s e  w h i c h  have s c a t t e r i n g  v e c t o r  ?. 
The f l u c t u a t i o n s  i n  E can be r e l a t e d  t o  f l u c t u a t i o n s  i n  d e n s i t y  and 
temperature; f o r  a single-component f l u i d  one may w r i t e  
Since  (aE/aT) i s  u s u a l l y  s m a l l ,  Eq. (32) may be  reexpressed i n  t h e  f o r m  
P 
Applying the thermodynamic theory of  f luctuat ions,  AP may be expressed i n  terms 
f the  i so the rma l  compress ib i l i t y  f o r  t he  case  fo r  f o rward  sca t te r i ng ,  i . e .  f o r  i =  0: 
Here  kB i s  t h e  Bol tzmann constant .  Subst i tu t ing th is  in to  Eq. (34) one ob ta ins  
the  Einstein-Smoluchowski  expression [25] f o r  t h e  f o r w a r d  s c a t t e r e d  i n t e n s i t y :  
1 a E 2  2 I(O1.c 7 (ap), P TKT (36) 
x 
From t h i s  i t  may be  seen t h a t  a measurement o f  t h e  t o t a l  s c a t t e r e d  i n t e n s i t y  
i n  t h e  f o r w a r d  d i r e c t i o n  may y i e l d  i n f o r m a t i o n  on t h e  v a r i a t i o n  o f  KT i n  t h e  
c r i t i c a l   r e g i o n .   E v i d e n t l y ,  I ( 0 )  should  increase  wi thout limit i n   t h e  
c r i t i c a l  r e g i o n  as KT d iverges.  This i s  j u s t  t h e  phenomenon o f  c r i t i c a l  
opalescence, f i r s t  observed  by  Avenarius i n  1874  [26]. It should be pointed 
o u t  t h a t  even f a r  f r o m  t h e  c r i t i c a l  p o i n t ,  f o r  ( T - T c ) / T c  :: 0.1 , the sca t te red  
i n t e n s i t y   i n   t h e  gaseous  phase a t   c r i t i c a l   d e n s i t y   i n   t h e   c r i t i c a l   r e g i o n  
f a r  exceeds t h a t  o f  o r d i n a r y  f l u i d s  away f r o m  t h e  c r i t i c a l  p o i n t .  
The t h e o r y  o f  s c a t t e r i n g  was extended t o  t h e  case K # 0 by Ornste in  
-f 
and Z e r n i k e  i n  1914  [27].  They r e a l i z e d  t h a t  t h e  p r o b a b i l i t y  o f  c o r r e l a t i o n s  
between d e n s i t y  f l u c t u a t i o n s  i n  a d j a c e n t  volume elements becomes l a r g e  i n  t h e  
c r i t i c a l  r e g i o n .  When t h i s  i s  t aken   i n to   accoun t ,   t he   sca t te red   i n tens i t y   f o r  
small, but non-zero, x i s  given by 
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II I 
a E  2 TKT 
1 4- (Kt)’ 
where 5 i s  the long  range correlation length (or  Ornstein-Zernike correlation 
length). From the form of Eq. (37) one may deduce t h a t  i n  the cri t ical  region 
the scattered intensity diverges only i n  the forward direction, where it = 0, 
since i t  may be  shown t h a t  52 diverges i n  the same  way as  K~ a s  Tc . i s  approached. 
6.2 The Spectrum of the Scattered L i g h t  
W i t h  the advent of the laser i t  has become possible t o  examine i n  great 
detail the spectrum of  the scattered l i g h t .  The high coherence and monochro- 
maticity of the laser is required, expecially for studies of c r i t i ca l  phenomena, 
since the Rayleigh l ine  may  be as narrow as several hundred hertz and the 
frequency s h i f t  vB of the Bril louin l ines may be less  t h a n  500 MHz. W i t h  the 
use of single mode lasers source line widths of the order of several hertz are 
available and the optical resolution is therefore limited by the type of 
frequency analyzer employed t o  detect  the scattered l ight.  
The l ine  widths and frequency s h i f t s  of the scattered l ight,  even with 
a perfectly monochromatic incident beam, resu l t  from the fact  t h a t  the fluctu- 
ations of density causing the scattering are n o t  s t a t i c  i n  time. Examination 
of the scattered light spectrum, therefore, can yield directly information on 
the temporal behavior o f  the thermal fluctuations o f  the fluid.  This i s  one 
reason why light scattering techniques provide such a useful tool for studying 
materials. 
I f  the density is considered t o  be a function of entropy and pressure 
so t h a t  one may write 
i t   i s  possible t o  deduce the following: 
a )  Those density fluctuations associated with entropy fluctuations 
sa t i s fy  a diffusion equation and decay exponentially i n  time.  Therefore, 
they possess a frequency spectrum centered on zero and  give r ise  t o  the Rayleigh 
line centered a t  the frequency of the incident 1 ight. 
b )  Those density fluctuations associated with pressure fluctuations 
may be looked on as satisfying a wave type equation and may osc i l la te  i n  time 
as they  decay.  Therefore,  they  possess a frequency spectrum t h a t  may be peaked 
a t  other t h a n  zero frequency and so give r ise  t o  the Brillouin lines, 
L 
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6.2.1 The Landau-Placzek Ratio 
In  terms of the above comments one may look on the Rayleigh l ine as due 
t o  scattering from entropy fluctuations at constant pressure t h a t  do n o t  
propagate. The Bril louin l ines are due t o  scattering from thermal sound waves 
o r  phonons  which propagate a t  the sound velocity u .  An expression f o r  the 
r a t io  of the integrated intensity of the Rayleigh l i ne  t o  t h a t  o f  the 
Brillouin  lines may  be ca lcu la ted .  I t  i s  given by 
This is  known as  the Landau-Placzek r a t i o  [28]. With a few additional assump- 
t ions i t  may  be transformed t o  the form 
I c -c R = E =  
21B cV 
y* - 1 (40) 
Since C p  i s  expected t o  diverge more rapidly than  C v  near the cri t ical  point,  
t h i s  r a t i o  may also diverge. Experimentally one does observe such an e f fec t ,  
i . e .  there  i s  a large increase i n  the intensity of the Rayleigh l ine  compared 
with the Brillouin components for  a f luid i n  the cri t ical  region. 
6.2.2 The  Thermal Diffusivity 
One  may obtain a measure of the mean lifetimes of entropy fluctuations 
T~ by examining the w i d t h  of the Rayleigh l ines .  Defining AUR as the full 
width a t  the half intensity points one may  show t h a t  T~ i s  given by the 
relationship 
l / ~ ~  = 2A’K = 2K T / ( p C  ) = 2rAv 2 2 P R (41 1 
Here K = IKI i s  the magnitude of the scattering vector and T i s  the  thermal 
conductivity. Thus the l i fe t ime is  just the inverse o f  the  angular  frequency 
width. Rayleigh linewidth measurements therefore provide an elegant method 
for  measuring the thermal conductivity. The f i r s t  such measurements were made 
by Ford and Benedek [ 2 9 ] .  The  method allows measurements t o  be  made very close 
t o  Tc where d i rec t  thermodynamic techniques  break down. Since  Cp.goes t o  
in f in i ty  and T,  t h o u g h  large, varies much less rapidly, the linewldth AVR 
approaches  zero  as T approaches Tc. I t  should be noted t h a t  because o f  the 
+ 
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very  small  thermal d i f fus iv i ty  near the cri t ical  p o i n t ,  i t  takes very long t o  
achieve thermal equilibrium even t h o u g h  the thermal conductivity is large. 
6.2.3 The Sound Yelocity 
Brillouin showed i n  1914 1301 that  one may determine the sound velocity 
u from the frequency s h i f t  v of the doublet i n  the scattered l i g h t  spectrum. 
One  may  show t h a t  a t  a scattgring angle o the doublet arises from scattering 
from thermal phonons of wave vector and frequency vB and t h a t  the sound 
velocity u ( v B )  i s  given by 
Here, C i s  the  speed of  l ight  in  vacuo, n i s  the  index o f  refraction of the 
scattering medium a t  v 0 ,  the frequency of the incident l ight,  and  o is  the 
scattering  angle. In ordinary  liquids  the p o r t i o n  of the thermal phonon 
spectrum  over which measurements a re  prac t ica l ,  i . e .  f o r  scattering angles in 
the  range 10" t o  180", l i e s  i n  the  range from about  1 t o  6 GHz. Light scat ter-  
i n g  therefore provides a method for measuring the sound velocity a t  re la t ively 
high frequencies. I t  has proved t o  be of great use in  determining  the 
frequency dependence of the adiabatic compressibility in ordinary liquids and 
of fluids  in  the  critical  region. I n  the la t ter  case,  however, accurate 
measurements of the frequency sh'ifts vB are  made d i f f i c u l t  because the Rayleigh 
l ine  becomes so intense. I n  addition,  the  frequency  shift v becomes rela- 
t ively small since  the sound velocity  decreases. When relaxafion  processes 
a f fec t  sound p ropaga t ion ,  the scattered light spectrum may  be modified and i t  
may even contain additional frequency components [23, 31 , 32, 331. These may 
complicate the analysis and make the determination of the sound velocity 
d i f f i cu l t .  
6.2.4 The Sound Absorption Coefficient 
The l ine  width A V ~  of the Brillouin components in the scattered light 
spectrum is   direct ly   re la ted t o  the  lifetime of the thermal phonons, 
i.e. the pressure dependent density fluctuations. This lifetime, i n  t u r n ,  may 
be used to determine the effective sound absorption coefficient a t  frequency 
Very simply, one may say t h a t  the greater the absorption, the shorter the 
'Belifetime and the broader the Brillouin lines i n  the spectrum, and vice 
versa. Quantitatively, one may write as a good approximation 
2 AvB = rK  I IT (43 1 
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r i s  the  same factor as that occurring i n  acoustic measurements 
Thus, i n  acoustic terms, we  may write 
I t  should be noted t h a t  care has t o  be taken i n  in terpret ing l ight  scat ter ing 
d a t a  in acoustic terms as was done i n  Eqs. (42)  and ( 4 5 ) ,  because i n  an 
acoustic experiment one  makes measurements using a traveling or standing sound 
wave while i n  l ight  scat ter ing measurements one is obtaining information on the 
properties of thermal phonons [32, 341. 
Consider E q .  (44)  i n  the  critical  region.  Since y* diverges, we  may 
neglect 1 compared t o  y*. rl i s  t h o u g h t  t o  show no anomaly and x'y* diverges 
re lat ively slowly [35]. Measured values o f  TI and A ' Y *  are  t o o  small t o  
account for the measured values of AVB or  a i n  the critical region. Therefore, 
the bulk viscosity 5 must contribute substantially t o  AVB and a .  Thus, one can, 
in principle, determine the divergence of the bulk viscosity by studying the 
behavior of AVB o r  the acoustic absorption. Ford, Langley and Pug1 i e l l  i [36] 
have made an attempt t o  deduce the behavior of 5 for  SF6 from the i r  experimental 
Brillouin  linewidth d a t a .  This is  particularly interest 'ng in the l ight of the 
prediction by Kadanoff and Swift [35] h a t  for  ZITV 5- 3 x' and fo r  c r i t i ca l  
density a t  temperatures above Tc, S - ' S - ~ ,  a very strong divergence.  Equations 
(42)  for the sound velocity and (45) for the Brillouin line w i d t h  are applicable 
away from the cri t ical  region provided ( a )  the fluctuations may  be described 
by the simple 1 inearized hydrodynamic equations and ( b )  the w i d t h  A V B  of the 
Bril louin  l ines  is  small in comparison t o  V B .  We shall  next l i s t  some correc- 
tions t o  these equations which may  be applicable in the critical region. 
6.2.5 Recent Modifications t o  Light Scattering Theory 
As pointed o u t  i n  section 6 .1 ,  recognition of the presence of long 
range correlations in the density fluctuations leads t o  modifications of the 
Einstein-Smoluchowski expression  given  in Eq .  (36).  Recently, Fixman has 
similarly modified the linearized hydrodynamic equations t o  include the effect 
of long range correlations t h a t  occur in the c r i t i c a l  region [37] and  Botch 
and Fixman [38] derived modified expressions for the Rayleigh and Brillouin 
l ine  widths and  the sound velocity in the critical region. These are  given by 
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Since the long  range correlation length 5 becomes large i n  the cri t ical  region 
these corrections to Eqs. (41 ) , (42) , and (43),  respectively,  should be 
considered i n  any detailed analysis o f  experimental  data.  Fortunately, one 
expects that  the ratio of specific heats y* becomes large i n  the  cr i t ical  region 
so that these corrected expressions may be considerably simplified. 
YII. DENSITY GRADIENTS 
Due t o  the 1 arge  isothermal compressi b i  1 i t y  of a f l u id  i n  t he   c r i t i ca l  
region, experimental studies of c r i t i c a l  p o i n t  behavior may  be great ly  
complicated by the gravitational effects.  Under ordinary laboratory condi- 
t ions,i .e.  i n  a normal gravity environment, a f lu id  sample i s  subjected t o  a 
pressure gradient due t o  i t s  own weight. This gradient i s  given by 
dP(z)/dz = -p(Z)g  (50) 
where z i s  measured ver t ica l ly .  T h i s  leads to a density gradient that  may  be 
written as 
for a f l u i d  sample a t  constant temperature. Hence the density gradient will be 
large if KT is large. As the crit ical  region is approached from above the 
critical  temperature, KT diverges  for p = pc; thus the gradient-dp/dz  will 
be greatest  when p = pc and cr i t ical  condi t ions can only exist  i n  a t h i n  
horizontal segment of a f l u i d  sample. T h i s  e f f ec t  has been shown experimentally 
by Lorentzen [39]  and Schmidt [40) who loaded chambers several centimeters i n  
height w i t h  carbon dioxide gas so tha t  the  mean density was close t o  pc. They 
observed optically the density gradient that  developed i n  such  chambers. Even 
for  T-Tc = 0.03"C they detected density variations of more than 10% from the 
t o p  t o  the bottom of the sample and noted tha t  only a small f ract ion of the 
sample had density pc. 
ments i n  a number of ways. The long range correlations believed t o  character- 
i ze  c r i t i ca l  behavior may n o t  completely develop under normal g conditions. 
Kadanoff e t .a l .  [SI have made s implif ied calculat ions that  indicate  one may 
neglect this direct  gravi ta t ional  effect  i n  COP, f o r  example, if  (T-TC)/Tc>> 
10-5, i.e. fo r  (T-Tc)>> 3 millidegrees. Another e f f ec t  of these density 
gradients i n  the  cr i t ical  region is t h a t  a l l  experimental r e su l t s ,  such as 
PVT and sound velocity data, obtained from measurements on f ini te  height  
samples are averages over a range o f  densities rather than those for a unique 
density. Heller [41] has pointed out that much of the ear ly  PVT data obtained 
i n  the cri t ical  region may be i n  e r ror  because of the presence of such density 
gradients near Tc. Calculations of  the  e f fec t  of such averaging on the  resu l t s  
of  sound velocity measurements have been made by van  Dael et .  a1 . [42] and 
Ahlers [43]. Their  resul ts  indicate  that  even the use of  short c e l l s  (=  lcm i n  
h e i g h t )  m i g h t  n o t  lead to improved precision because the density gradient i s  
so sharply peaked a t  p = pc. 
scopic form o f  ordering that may contribute t o  a measurable reduction i n  
entropy and therefore  direct ly  affect  specif ic  heat  measurements and also deter-  
minations of other thermodynamic variables. 
The presence of  density gradients may af fec t  c r i t i ca l  reg ion  measure- 
Another possible effect  is  that the density gradient is i t s e l f  a macro- 
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Fortunately various types of optical measurements will n o t  be affected 
d i rec t ly  by the presence of  density gradients. In l i g h t  scat ter ing s tudies ,  
for example, i t  is possible t o  probe  very  small  regions of  a sample.  In 
addition, optical methods may even u t i l i z e  the gradients t o  obtain useful 
information. For example, by employing Lorentzen’s method [39] o f  detecting 
the density gradients by determining the index of refraction n as  a function 
of  sample he ight  one may obtain PVT data. Similar experiments have been 
performed by Schmidt and Traube [40,44] w i t h  improved equipment. In applying 
this l a t t e r  method one assumes tha t  the Lorentz-Lorenz equation remains valid 
i n  the cri t ical  region: 
where n is  the refract ive index and 52 is the molecular polarizabili ty which is 
assumed t o  remain constant. No reliable experimental data contradicts these 
assumptions, while theoretical  calcula ions for argon [45] indicate  that  any 
corrections are less than 1 par t  i n  10 l i n  the cr i t ical  region.  
In addition t o  gravity induced density gradients one must also consider 
those du t o  temperature  gradients. The thermal  expansion coeff ic ient  
ap = -p- 7 (a~/aT)~ diverges i n  t t ie cri t ical  region and temperature gradients 
pressure gradients. For example, i t  may be shown t h a t  a temperature difference 
of  1 millidegree across a 2.5 cm h i g h  sample of C02 produces a density gradient 
o f  magnitude comparable t o  t ha t  produced by the gravltational pressure differ- 
ence which is  of  the order o f  .001 atm near Tc and pc. In addition t o  s t a t i c  
inhomogeneities, temperature gradients also may induce dynamic processes w i t h i n  
a sample leading t o  macroscopic flow and other d i s t u r b i n g  e f fec ts .  
therefore will have much the same e f f ec t  on density as 
VIII. EXPERIMENTAL ASPECTS OF THE PRESENT STUDY 
8.1 Experimental  Techniques Employed 
In previous sections we have discussed i n  general terms pertinent aspects 
of thermodynamic behavior of f l u i d s  i n  the  cr i t ical  region and various properties 
tha t  may  be measured using acoustic and l i g h t  scattering techniques. We turn now 
t o  the specific experimental techniques and procedures tha t  have been developed 
f o r  c r i t i c a l  p o i n t  studies by our group i n  the Physics Department of John 
Carroll University d u r i n g  the past several years under NASA Grant NGR-36-006-002. 
A resonant cavity method has been developed for sound velocity measure- 
ments i n  the low kilohertz range. Promising resu l t s  have already been obtained 
i n  carbon d i o x i d e  and sulfur hexafluoride i n  the cri t ical  region and the method 
currently is  being improved t o  increase i t s  precision and range of application. 
Basically we measure the. velocity of  sound by determining the resonant frequen- 
c ies  of f l u i d  f i l led cyl indrical  cavi t ies  w i t h  plane ends. If the cavity has 
r i g i d  walls, and is  of l e n g t h  and radius a, the resonant frequencies are 
given by [46] 
where q i s  any posit ive integer and the rmn are the n roots (including roo) of 
the equation d[J,(nr)]/dr = 0. J ( r r )  a r e  the  Bessel functions of the f irst  
kind.  The various values of q an! rmn define the successive resonant frequen- 
c ies .  They a r i s e  from the condition that the particle velocity i s  assumed t o  
vanish a t  the plane ends and a t  the  cy l indr ica l  wall of the cavity. The 
longitudinal modes, corresponding t o  plane waves propagating back and f o r t h  
parallel  t o  the axis  of the cylinder, are characterized by q # 0 and rmn = roo = 
0. More complex  modes are  characterized by rm # 0. The f i r s t  s e t  of 
non-symmetric modes occur for rmn = r l0  = 0.581, while the f irst  radial  set  
corresponds t o  rmn = rol = 1.292. I t  proves t o  be most convenient i n  measuring 
u t o  determine the frequencies of  the longitudinal modes since they are simply 
integral multiples of the fundamental mode v0 = u/2a and are therefore easily 
ident i f ied.  
We have also measured the velocity of sound i n  carbon dioxide and 
sulfur hexafluoride a t  1 MHz u s i n g  a modification of the acoustic interferometer 
technique [47 , 481. Here again one determines the longitudinal modes of a much 
shorter cylindrical  acoustic cavity b u t  instead of varying the frequency as i n  
our kilohertz system we vary the path length by moving a p i s ton  ref lector .  The 
piston forms one plane end of  the cavity while a quartz crystal or other type 
of  piezoelectr ic  plate  forms the opposite end. We first  employed this  method 
because i t  a lso provides a mechanism for determining the acoustic absorption 
coefficient. Effectively, i n  this technique one measures the impedance of an 
acoustic transmission l ine (i.e. the f l u i d  column) by measuring i t s  loading 
ef fec t  on the piezoelectr ic  plate  that  i s  used t o  excite the cavity. By 
determining the resistive loading of the f l u i d  column as a function of column 
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length one may obtain the absorption coefficient. This method  has the disad- 
vantage t h a t  the p is ton  ref lector  must be  moved. In the critical region such 
motion can introduce. d i s t u r b i n g  effects .  Our  most recent results indicate 
t h a t  i t  may be possible t o  determine a by measuring the quali ty factor of 
the  resonances i n  fixed p a t h  length cavities. We have already  obtained 
promising resul ts  i n  the kilohertz region using t h i s  l a t t e r  method and we plan 
t o  t e s t  i t  i n  the megahertz range. 
We have a l so  se t  up  several systems fo r  studying the spectrum o f  l igh t  
scattered by simple f luids  i n  the vicinity of the  c r i t i ca l  p o i n t .  These have 
been used t o  obtain preliminary d a t a  on the velocity of sound a t  high frequen- 
cies in sulfur hexafluoride. As already mentioned i n  Section 6.2.3 t h i s  i s  
accomplished by measuring the frequency s h i f t  vB of the Brillouin components of 
the scattered l ight spectrum. While set t ing u p  these light scattering systems 
we also became interested in examining w i t h  optical techniques the macroscopic 
behavior of fluids in the critical region. We have obtained  preliminary d a t a  
on the development o f  density gradients and other macroscopic processes 
occuring in sulfur hexafluoride in the critical region. 
8.2 ExDerimental Procedures 
8.2.1 Temperature Measurement Systems 
We have s e t  u p  several systems for  the measurement o f  temperature t o  the 
accuracy and precision required f o r  c r i t i ca l  region studies of the type we are 
performing. 
For accurate calibration and measurement of temperature we employ three 
separate platinum resistance thermometers.  These have  been calibrated by the 
National Bureau of Standards  over  the  temperature  range of in te res t .  One i s  
maintained as a standard, used solely t o  periodically check the other two 
which are  used as working standards i n  individual  test  systems. Two precision 
Mueller resistance bridges are employed t o  measure the thermometer resistances. 
Periodically we check the precision of our temperature measuring technique using 
a commercial water t r ip le  po in t  ce l l .  We have concluded t h a t  the absolute 
accuracy of our  resistance thermometer measurement procedures i s  * 0.002"C i n  
the  range between 10 and 60°C. No attempt has been  made during the present 
study t o  determine the absolute temperature t o  any higher accuracy. 
For measurement of precise temperature changes d u r i n g  experimental runs 
we employ Hew1 ett-Packard quartz thermometers. These greatly simp1 i fy  temper- 
ature measurements and a lso make possible s h o r t  term temperature measurements 
precise t o  0.0001"C. Since these latter thermometers reportedly are subject t o  
long term d r i f t  a s  well a s  hysteresis when they are temperature cycled, we have 
employed  them mainly t o  measure temperature differences and have  used a res is-  
tance thermometer i n  the temperature control b a t h  t o  periodically establish 
the  absolute  temperature. To check on long  term d r i f t  and hysteresis we 
examined the accuracy of four different q u a r t z  probes as they were cycled from 
20°C t o  6OoC tr, 20°C over a f ive  day period. We found t h a t  they indicated a 
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maximum deviation  of 0.008"C  from the  temperature  as  determined w i t h  a 
calibrated platinum resistance thermometer, while the root mean square devia- 
tions for three separate temperature cycles was l e s s  than f 0.004"C. T h i s  
accuracy has been maintained over a period of four months so t h a t  we have 
concluded that the quartz thermometers may be used for absolute temperature 
readings accurate to * 0.005"C without the need fo r  frequency calibration. 
8.2.2 Temperature Control Systems 
The acoust ic  cel ls  are  submerged i n  temperature controlled 15 gallon 
liquid baths to maintain their temperature constant to f 0.001"C. Commercially 
available proportional control servo units a re  employed to control the b a t h  
temperature. The sensing  element for these i s  a platinum  resistance thermom- 
e t e r  placed w i t h i n  the  bath i n  the vicinity of the tes t  cel l .  Variable  speed 
s t i r r e r s  a r e  used to vigorously agitate the coolant. Two electr ical  heaters  
a re  used i n  each bath, a  1000 watt heater to rapidly increase the temperature 
and  a much smaller one  which i s  actuated by the proportional controller. A 
refrigerant may also be circulated through a co i l  placed i n  the bath f o r  quick 
cooling. These temperature  controllers  permit  the  temperature  to be adjusted 
to  an accuracy of 0.002"C reproducibly and are capable of holding the tempera- 
ture constant to f 0.002"C for several days. 
For the l ight  scat ter ing s tudies  we employ a similar 20 gallon tempera- 
ture  control  bath. From this bath the  temperature  controlled  fluid is  pumped 
through a small  secondary  bath  containing  the windowed opt ica l  ce l l .  The bath 
containing the cell i s  mounted on an optical bench. Due to  the  fac t  tha t  the  
heat loss i n  the connecting t u b i n g  depends on the ambient temperature, tempera- 
ture control i s  not as good as w i t h  the single u n i t  temperature baths described 
above. 
8.2.3 Cell Filling Procedure and Pressure Measurement 
The acoustic and l i gh t  s ca t t e r ing  ce l l s  a r e  f i l l ed  w i t h  the  f luid under 
t e s t  u s i n g  the system shown schematically i n  F i g .  3. After the cell parts 
have been carefully cleaned by washing i n  solvents and detergent solutions and 
rinsing i n  dist i l led water,  the cell  is assembled and placed i n  the  temperature 
control b a t h  and connected to  the  f i l l ing  system w i t h  a quick-connect f i t t i n g .  
W i t h  valve V1 to  the fluid supply bottle and vent valve V5 closed, and  a1 1 other 
valves  open,  the system i s  evacuated us ing  a cryogenic vacuum pump. The 
pressure i s  reduced t o  approximately 0.5 microns and he ld  a t  tha t  p ressure  for  
approximately 1 hour. Valve V i s  closed and V1 i s  opened to  admit f l u id  in to  
the system. The temperature o ? the control bath is  brought t o  a value approx- 
imately 5 t o  10 degrees above Tc where sat isfactory PVT data is  available for 
the fluid.  Some f lu id  is transferred from the  supply  bottle  until  the  pressure 
i n  the system is brought t o  approximately the desi red Val  ue  and then V1 and V3 
are closed. The pressure lines from V3 t o  the cell  and pressure gauge are  
wrapped w i t h  electrical heating tapes. Varying the 1 i ne temperature provides 
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a mechanism for finely adjusting the pressure i n  t he  t e s t  ce l l .  When i t  is a t  
the desired value, valve V4 is  slowly closed as the pressure is finely adjusted 
t o  the desired value. After V4 is closed, the ce l l  may be removed to another 
location i f  measurements a re  to  be made at  constant  mean density as a function 
of temperature. 
When measurements a re  made as a function of pressure, i.e. w i t h  valves 
V4 open  and V3 closed, the heating tapes provide a convenient method of adjust- 
i n g  the pressure i n  the c e l l .  I t  should be noted that the valves i n  the 
f i l l i n g  system are all-metal bellows type units t o  avoid contamination of the 
f lu id  samples. 
The pressure gauge used i n  the present study i s  a Texas Instrument Co. 
u n i t  having  a s ta inless  s teel  Bourdon tube fo r  measurements t o  100 atmospheres. 
This instrument may be used to  make absolute pressure determinations accurate 
to f 0.05 atm  and r e l a t ive  measurements t o  * 0.005 atm over a twelve hour 
period. 
For C O 2 ,  isotherm data [49] a t  40.00"C were employed t o  f i l l  t h e  c e l l s  
to the desired density. In this  case,  an e r ro r  of * 0.05 atm i n  the f i l l i n g  
pressure a t  this temperature would lead to an uncertainty i n  the density of 
* 0.0015 g/cm3 or 0.3% near critical density. To f i l l  t h e  c e l l s  w i t h  SF6  we 
employed 49.86"C isotherm  data  of Clegg e t  a1 [50]. They quote values of 0.73 
to  0.75 g/cm3 for  the cr i t ical  densi ty .  A recent calculation of physical 
properties and vir ia l  coeff ic ients  of SF6 [51] gives a preferred value of 
0.737  g/cm3 fo r  the cr i t ical  densi ty .  While the  f i l l ing  procedure  discussed 
above produces a smal 1 uncertainty i n  t h e   f i l l  i n g  density for C O 2 ,  the 
uncertainty i s  re la t ively large for  SF , mainly because the 49.86"C isotherm 
i s  too close t o  Tc and, hen'ce, i t  is a 7 ready q u i t e  f l a t .  The next higher 
isotherm  of  Reference [50] i s  a t  75OC, too h i g h  f o r  our  temperature  bath. An 
error  of * 0.05 atm a t  49.86"C leads to an uncertainty i n  the density of * 0.015 
g / c d  o r  2% near cr i t ical  densi ty .  T h i  s is to  be  compared to the 0.3%  uncer- 
ta in ty  for  cO7. After applying a correction for the pressure head  due to the 
difference in-height between the pressure gauge and the cel 
(0.70 * 0.02) g/cm3 us ing  the data for the 49.86"C isotherm 
. .  - 
8.2.4 System fo r  Acoustic Measurements i n  the Low Kilohertz 
The t e s t  c e l l  employed for  the low kilohertz acoust 
sketched i n  F i g .  4. A cylindrical chamber 1.15 cm i n  diame 
3.16 cm cross section brass hexaclonal rod. T h e  ends of the 
t 
, we find pc  = 
of Reference [50]. 
Range 
c measurements i s  
e r  was bored i n  a 
chamber were 
terminated w i t h  1.25 cm diameter-Bruel and Kjaer condensor microphones, one of 
which served as a source to excite the cavity and the other as a receiver to 
detect the amplitude of the acoustic pressure developed a t  resonance. Two such 
c e l l s  were  used for the measurements reported here, one measuring 4.26 cm 
between the diaphragms of the condenser microphones, the other 3.78 cm. Care 
was taken to  employ only metal and glass elements i n  that portion of the cell  
t h a t  came i n  contact w i t h  the fluid under t e s t .  The electrical feedthroughs 
from the pressurized portion of the cel l  to  the 1 atm surroundings, for example, 
were metal i n  glass  elements.  Unfortunately, a  small amoun't of organic sealant 
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FIG. 4. ACOUSTIC RESONANCE CELL. 
is  used by the manufacturer of the microphones to secure a locking r ing .  We 
believe, however, t h a t  the  effect  of this sealant on the purity of the f luids  
and on the i r  behavior  in  the c r i t i ca l  region was negligible. The design of the 
c e l l s  i s  being  changed, however, t o  eliminate this possible source of contamin- 
a t i o n  in future measurements. 
The t e s t  ce l l  is submerged i n  the liquid b a t h  i n  a location where 
substantial flow of liquid over all  surfaces of the  cell  occurs. In portions of 
the measurement program provisions were made t o  orient the cell  w i t h  i t s  length 
either vertical  or horizontal ,  though measurements were made usually in the 
vertical orientation. Either microphone  could be employed as the sound source. 
The source was excited w i t h  the o u t p u t  signal from a s table  a u d i o  osc i l la tor  
and since no DC polarizing  voltage was  employed the  acoustic  frequency produced i' 
by the source was twice t h a t  of the applied voltage. Before amplification the 
signal from the receiving microphone was fed t h r o u g h  a  high pass f i l t e r  t o  
eliminate noise a t  frequencies below 400 Hz. I t s  amplitude was monitored w i t h  
a precision voltmeter and i t s  frequency displayed on a digital counter. 
A given determination of the sound velocity was accomplished as follows. 
The contents of the cell  were allowed t o  come t o  thermai equilibrium as indi- 
cated by s t a b i l i t y  of the resonant frequency of the cell  and of the temperature. 
The l a t t e r  was determined with the Hewlett-Packard quartz thermometer, the 
probe of  which was in good thermal contact with the walls of  the pressure cell.  
The audio osc i l la tor  was tuned t o  produce a maximum in the amplitude of the 
received signal a t  the lowest detected resonant mode  of the cavity, corresponding 
t o  the fundamental longitudinal mode of frequency vo. The  sound velocity under 
this condition is/given by u = 2v0 t  where R is  the effective length o f  the cavity. 
Care was taken t o  determine the fundamental mode a t  the filling temperature, 
i .e .  we1 1 away  from the cri t ical  region, where there was no ambiguity in 
determining  the fundamental mode.  Then as  the  temperature was decreased t o  
approach T , the peak frequency corresponding t o  t h i s  fundamental mode  was 
carefully Followed since i t  decreased bo th  in frequency and in amplitude as 
the critical region was approached. The temperature was changed in steps of 
decreasing AT and the equilibrium value of v0 was determined a t  each value of T 
t o  an  accuracy of f 1 Hz. Normally i t  was found t h a t  the attainment of a 
constant reading in v0 lagged behind the attainment of a constant reading of 
temperature by times of the order of 5 t o  10 minutes. Data points taken a t  
temperatures of less  t h a n  one degree from Tc were usually recorded a t  20 t o  
30 minute intervals.  Using t h i s  procedure, i t  was found t h a t  the  tes t  ce l l  
could be l e f t  a t  t h e  same temperature for periods of u p  t o  24 hours and no 
measureable change in resonant frequency was observed. 
I t  should be noted t h a t  the effective acoustic length of the resonant 
cavity appeared t o  be longer than  the distance between the diaphragms of the 
condenser  microphones. Such  end effects  are  due t o  the motion of the diaphragms 
and we corrected for them by calibrating the acoustic length with a measure- 
ment of the  velocity in a i r  a t  1 atm. This  yielded a length 2 approximately 
longer by 2 mm t h a n  the mechanically measured length. 
One problem encountered w i t h  ce l l s  employing condenser microphones as 
source and receiver was t h a t  we sometimes noted random changes in the form of 
1 
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the resonance  peaks. Changing  one or  the other of the microphones usually had 
the effect  of restoring the 'quality of the response t o  clean single peaks. This 
wou.ld  seem t o  indicate deterioration of the microphones themselves. I t  was 
noted, however, t h a t  a pair  of microphones having yielded poor response i n  one 
cel l  showed satisfactory response in the second. 
8.2.5 System for  Acoustic Measurements in the Megahertz Range 
The acoustic interferometer employed for  measurements a t  1 MHz is  
sketched  in F i g .  5. A cavity 2.2 cm i n  diameter was precision bored in a brass 
1 MHz x-cut quartz d i s k  was mounted in one  end and the opposite end  of the cav- 
i t y  was terminated w i t h  a moveable stainless steel  piston. The p i s t o n  was pre- 
portion of a h i g h  pressure valve was employed as a leak-free mechanical feed- 
t h r o u g h  i n t o  the pressurized cell so t h a t  the p i s ton  could be  moved t o  vary the 
length of the acoustic cavity. Though the motion o f  the  valve stem introduces 
a n  undesired change of  volume we f e l t  t h a t  t h i s  source of error was re la t ively 
small.  Other d i f f i cu l t i e s  were encountered  with this  cel l  and only  limited d a t a  
on velocity and  attenuation were obtained  with i t  d u r i n g  ou r  study.  Experience 
gained  using i t  has lead t o  the design o f  a fixed length cell which will be  m- 
ployed for  future measurements in the megahertz range. 
D cylinder. For the measurements, the  axis of this  cylinder was ver t ical .  A 
I cision ground t o  f i t  i n  the 'cylinder w i t h  a tolerance of 0.0025 mm. The stem 
To make velocity and absorption measurements with the interferometer the 
quartz crystal was placed across the capacitance of a series resonant circuit .  
The o u t p u t  from a stabilized signal generator was used t o  excite the c i r c u i t .  
The signal generator and resonant c i r cu i t  were tuned t o  the resonance frequency 
of the quartz  transducer and a sensitive oscilloscope was  employed t o  monitor 
the  voltage  across  the  transducer. I n  th i s  arrangement  he f luid f i l led cavi ty  
acts as an  acoustic short circuited transmission line t h a t  goes i n  and o u t  of 
resonance as the piston is moved.  The velocity of sound may  be determined by 
measuring the distance between locations of successive maxima or minima of  volt- 
age across the transducer, corresponding t o  a ha l f  wavelength change i n  the 
length of the cavity. The absorption coefficient is determined by measuring the 
ra te  of decay o f  the amplitude o f  the maxima and  minima [52] .  
8.2.6 System for  Light Scattering Measurements 
Optics 
The l ight  scat ter ing system is  the  most complex  of the three experimen- 
tal  setups employed i n  this  study. The complete  system i s  shown schematically 
in .Fig.  6 .  All of the  optical  elements  are mounted on lathe bed type-optical  
benches. A 0.1 mill iwatt  stabil ized single frequency He-Ne l a se r  i s  used as the 
l i g h t  source. I ts  output beam passes t h r o u g h  the aperture A and t h r o u g h  two 
parallel  glass plates mounted i n  precision  gimbals. By moving these plates one 
i s  ab le  t o  displace by a very small amount the laser beam perpendicular t o  the 
direction of propagat ion .  T h i s  i s  useful d u r i n g  the a l i g n i n g  process. The  beam 
passes t h r o u g h  a small hole in the mirror M and  enters the fluid cell  t h r o u g h  a 
f lat  circular area in the center o f  the conical window C .  The  beam i s  focused 
in  the  fluid under investigation. The unscattered light exits 
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t h r o u g h  the f l a t  window F. L i g h t  sca t te red  a t  an a.ngle o is collected by the 
conical lens, reflected from mirror M and i t  enters the Fabry-Perot interfer- 
ometer. I t  i s  focused on the pinhole PH by means  of the positive lens LLand 
the diverging lens L . The l igh t  which passes th rough  .the pinhole would form 
the center spot of t 6 e Fabry-Perot interference pattern and  i t  goes on t o  the 
photosensitive  cathode of  the photomultiplier tube. T h i s  particular setup is 
described in greater detail by Fritsch [53]. 
Electronics 
A small fraction ( i n  this case approximately 8%) of the photons which 
s t r ike the photo cathode eject  electrons.  Each of these are multiplied i n  the 
phototube t o  yield a burst of electrons a t  the anode. The bursts are preampli- 
fied, amplified further i n  an RC coupled system and then fed into the analyzer, 
which passes  only  those  pulses  exceeding a preset amplitude. The passed counts 
are  recorded using a coun t  ra te  meter and  strip chart recorder. 
This process is  typical o f  nuclear counting techniques and the analyzer 
allows one t o  eliminate pulses due t o  noise and other  extraneous  processes. The 
single-photon counting system i s  described i n  more detai l  elsewhere [54-561. 
This technique is  superior  t o  measuring directly the DC photocurrent in this 
application because the incident light level is extremely low and one i s  ab le  
t o  eliminate various noise components and a lso reduce the effect of leakage 
currents. Dark counting rates  between 10 and 400 counts per  second are typical.  
1-~ System 
The Fabry-Perot interferometer [57] used in this study i s  one we have 
constructed. I t  consists of two f l a t  p l a t e s ,  5 cm i n  diameter,  dielectrically 
coated for  98% r e f l e c t i v i t y  a t  6328 R ,  separated by a low thermal expansion 
coefficient  ickel-steel  spacer. Three fine  adjustment screws permit one 
t o  adjust the plates t o  1/100th wavelength parallelism from outside of the 
pressurized housing of the  interferometer.  This  latter arrangement i s  extremely 
convenient,  since  adjustments  are  frequently  necessary.  Spacers of length u p  
t o  14  cm, corresponding t o  an  interorder spacing o f  1 GHz have  been  employed 
with this  uni t .  
The effective optical  spacing of the plates may  be varied linearly in 
time by changing the pressure and therefore the refractive index of nitrogen 
gas i n  the  interferometer housing.  This i s  accomplished by the use of a 
commercial l inear sweep valve w i t h  added feedback and a large gas resevoir in 
parallel with the interferometer. In practice we have  been able t o  obtain a 
linearly increasing pressure i n  the range desired from 1 t o  1.8 atm a t  the 
required slow sweep ra te  of approximately 0.03 atm/hr.  
The Light Scattering Cell 
A cross section drawing  of the high pressure l ight scattering cell  is  
shown in  Fig. 7. The f l a t  and mushroom  head conical windows are  separated by 
a stainless steel  spacer and the cell is sealed w i t h  O-rings. The design was 
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suggested by Dr. Lastovka a t  M.I.T.  The hole through the spacer i s  o f f s e t  from 
i t s  center line. T h u s  if  the cell  i s  loaded t o  cri t ical  density the meniscus 
will form ei ther  just above o r  just below the center  f la t  p o r t i o n  of the conical 
window depending on the preset orientation o f  the spacer. In this way experi- 
ments can be done on either the l iquid or the vapor phase a t  temperatures below 
Tc. The f lu id  ce l l  i s  supported i n  the secondary  temperature  control b a t h  by 
two sections of cylindrical t u b i n g .  E x i t  windows close the outside end o f  these 
tubes, which may be evacuated t o  reduce thermal leaks. A high pressure quartz 
thermometer  probe i s  mounted i n  the cell so t h a t  the fluid temperature may  be 
monitored direct ly .  
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IX. RESULTS 
9.1 Ace-u-stic Measurements i n  the Kilohertz Region 
9.1.1 Carbon Dioxide 
Our most extensive measurements were carried out i n  carbon dioxide 
i n  the kilohertz region. Data  were taken both isochorically as a function of 
temperature and isothermally as a function of pressure i n  the one-phase region. 
Measurements i n  the two-phase region can also be carried out i n  the present 
c e l l .  However, these yield an average of  such quantit ies as the sound velocity 
and the sound absorption over the two phases. We d i d  not carry out such 
measurements i n  the present study. The isochoric measurements a re  more easi ly  
interpreted  theoretically  than  the  isothermal measurements. To obtain  accurate 
values for adiabatic compressibility K~ and the specific heat Cv from these 
sound velocity measurements i n  the cri t ical  region we took the following 
precautions: (1  ) Measurements  were made over a reasonably large range o f  T-Tc. 
( 2 )  The t e s t  c e l l  was  made a s  short as possible to reduce the effect  of gravi- 
ta t ional ly  induced density gradients. (3) Low frequencies were  mployed to  
avoid velocity  dispersion due to relaxation effects.  (4) Measurements  were 
made a t  constant density (isochorically) t o  f a c i l i t a t e  a slow and reproducible 
approach t o  the cri t ical  point (or the coexistence curve).  In the  resonance 
technique used here conditions (2) and ( 3 )  are ,  i n  conflict ,  i .e.  the desired 
low frequencies dictate the minimum height of the required cavity since i t  
must be a t  l e a s t  a half wavelength long. In the region of c r i t i ca l  dens i ty  
the resonance frequency of this  ce l l  was 2400 Hz a t  T-Tc = 10°C  and decreased 
t o  a m i n i m u m  o f  about 1200 Hz a t  the critical temperature. Such frequencies 
a re  well below the  vibrational  relaxation  frequencies o f  C02 [58, 591. Whether 
or not the velocities measured a t  these low frequencies are affected by other 
relaxation effects remains a n  open question. 
When the cr i t ical  point  i s  approached along an  isotherm, one t r i e s  t o  
change the density by small amounts by varying  the  pressure.  This i s  very 
d i f f i c u l t  because of the extremely large isothermal compressibility of  a f lu id  
near i t s  cr i t ical  point .  The advantage of approaching  the cr i t ical  point  
isochorically is  tha t  one may  work w i t h  a closed cell which is  not d i s t u r b e d  
mechanically  as  the  temperature i s  lowered by incremental  cooling. For 
isochoric runs the cel l  was f i l l e d  according t o  PVT data available for C02 a t  
40°C [49]. After  f i l l ing to  the desired densi ty  the cel l  was sealed and sound- 
velocity measurements were taken a s  the cell temperature was decreased i n  small 
increments. The sound velocity decreased t o  a m i n i m u m  value and then  sharply 
increased  as  condensation  occurred. W i t h  average f i l l i n g  densi t ies  between 
0.45 and 0.48 g/cm3, minima i n  velocity ranging between  107 and 114 m/sec 
have  been observed a t  temperatures between 31.04 and 31.12"C. These r e su l t s  
a r e  shown i n  Table 111. For comparison, we have l i s t ed  i n  Table IV the  c r i t i ca l  
parameters f o r  C02 reported by ear l ier  invest igators .  The actual velocity 
versus temperature behavior f o r  a density of 0.467 g/cm3 is  shown i n  F i g .  8. 
Using this and similar velocity data we have plotted i n  F i g .  9a the temperature 
dependence of K~ calculated from the measured sound velocity data a t  densit ies 
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TABLE I11 Measured Velocity Minima i n  co2 
Average Density 
(g/cm3) 
0.45a 
0.467 
0.469 
0.469 
0. 47a 
0. 47a 
0.470 
0.472 
0.482 
Yelocity minimum 
(m/sec) 
109 
110 
111 
112  
107 
114 
110 
114 
1 08 
Temperature 
("C) 
31.04 
31.1 1 
31.06 
31.08 
31.11 
31.09 
31.08 
31.04 
31.12 
a These results were obtained w i t h  commercial grade C02; the other runs were 
obtained w i t h  research grade C02. 
J ~ ~~ 1 ... . .. . ~ - ~ ~  - . 
of 0.467 and 0.469 g/cm3, i . e .  f o r  two sepa ra t s  f i l l i ngs  a t  e s sen t i a l ly  c r i t i ca l  
density, and fo r  a t h i r d  f i l l i n g  a t  0.482 g/cm . In  each  of the three cases, 
for  the purpose of these plots, Tc was taken t o  be the temperature a t  which 
the m i n i m u m  velocity was observed. The graph i n  F i g .  9a  may  be interpreted as 
indicating the existence o f  a logarithmic singularity i n  K~ as  the c r i t i c a l  
point is  approached  along  the cri t ical   isochore.  This logarithmic  behavior 
seems t o  extend from T-Tc = 20°C t o  T-Tc = 0.02"C. Logarithmic s ingular i t ies  
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i n  K~ have  been reported by Will iamson  and  Chase  [64J i n  He and  by van  Dael e t  
a1  [42] i n  Ar. Previous sound velocity measurements i n  CO l65-681 d i d  not 
allow  such  conclusions  concerning  the c r i t i c a l  exponents o f  K ~ .  The behavior 
f o r  a density of  0.482 g/cm3 seems t o  be logarithmic over a much  smal 1 e r  
temperature range. 
The so l id  l ine  i n  F i g .  9a represents a least squares f i t  t o  the ex 
mental compressibility a t  c r i t i c a l  d e n s i t y  between T-Tc = 20°C  and T-Tc = 
The equation of this l i n e  i s  
K = -0.55 - 1 . 7 2  I n  [ (T-Tc) /Tc]  
S 
wh r e  Tc = 304.20 K (the generally accepted value) and K~ i s  i n  units of 1 
cm 5 /dyn. In F i g .  9b a r e  presented the values of Cv calculated from Eq. (27) 
u s i n g  our measured velocit ies on the cri t ical  isochore and the data for ( a P / a T ) V  
and ( a P / a V ) T  from Reference [49]. As indicated, these calculated values of C v  
are in excellent agreement w i t h  the experimental measurements of Michels and 
Str i j land [63]. Their anomalously h i g h  value of C v  measured a t  T-Tc = 0.16"C 
is probably due to the relatively large temperature increments they employed for  
their  calorimetric measurements. The g r a p h  indicates  logarithmic  behavior of C v  
f o r  0.02"C<T-T,<l0C. The sol id  l ine i n  F i g .  9 b  represents  the  least  squares 
f i t  to the calculated Cv d a t a  i n  the above temperature range: 
C v  = -0.005 - 0.075 I n  [ (T-Tc) /Tc]  (55) 
w i t h  C i n  units o f  cal/g"C.  Similar  approximate  logarithmic  singularities i n  
CV a t  !he c r i t i c a l  p o i n t s  of Ar, 02, Xe, and He observed i n  calorimetric 
measurements have  been reported by Bagatskii, Voronel', and  Gusak [69], Voronel' 
e t  a1 [9,  lo ] ,  Edwards, Lipa and  Buckingham [12], and Moldover and  L i t t l e  [13]. 
The behavior for 1"Cq-Tc<50"C  observed here i s  o f  the form (T-Tc)-0.16. 
The g raphs  i n  F i g .  9 indicate that the experimental points begin t o  
deviate from logarithmic  behavior  for T-Tc l e s s  t h a n  0.02OC. In this region, 
the measured velocit ies are higher than one  would expect from a continuing 
logarithmic  behavior.  This l a t t e r  e f f e c t  may  be at t r ibuted t o  the  presence of 
gravitationally induced density gradients. Since our technique  yields  the 
acoustic travel time  through the  ce l l ,  each  of the velocity minima l i s t ed  i n  
Table 111 prepresents an average value o f  the velocity which because of the 
existence of density gradients, i s  necessarily higher than the true velocity 
u = u ( p c )  f o r  small values of T-Tc. One must go  n to  ask  whether the effect  
of the density gradient on the measured veloci t ies  becomes important a t  T-Tc 
greater than 0.02"C. More extensive  data and calculations are required before 
a precise answer can be given. However, d u r i n g  our  experiments we were able t o  
t u r n  the  cel l  from the vertical to the horizontal position. This was done d u r i n g  
a number of runs. Sometimes the whole r u n  was carried out w i t h  the ce l l  i n  
the  horizontal  position. A t  other  times,  the  cell was repeatedly  turned between 
the  horizontal and vertical  position a t  each temperature. The velocit ies 
measured i n  every case were very close to those determined i n  runs i n  which 
the cell  was maintained i n  the vertical position throughout the r u n .  The 
height w i t h  the cell horizontal would correspond to  1 . 2  cm. However, these 
peri - 
0.02"C. 
(54) 
O- 
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resul ts  do  n o t  indicate that the density gradient may  be neglected. As was 
pointed o u t  before, the effect of the density gradients can only be eliminated 
i f  one goes t o  an extremely short c e l l .  Furthermore, an effective averaging 
process also must have occurred for the horizontal orientation so that addition- 
a l  measurements made with much shorter cells  are called f o r .  
Even t h o u g h  isothermal measurements as a function of pressure are n o t  
a s  easily interpreted theoretically a s  isochoric measurements, we also made 
measurements of the sound velocity as a function of pressure t o  o b t a i n  informa- 
t ion on the pressure and density dependence of the thermodynamic derivatives.  
As i t  turned o u t  t h i s  d a t a  was quite helpful i n  our isochoric work and was  more 
precise t h a n  we had expected.  Therefore, this d a t a  i s  presented  here  along  with 
conclusions t h a t  may  be drawn from i t  on the density dependence of  K~ and C v .  
In Fig. 10 we have  summarized the d a t a  o f  the velocity of sound in CO2 as a 
function of pressure a t  five different temperatures. The temperatures chosen 
are those for which PVT d a t a  is  avai lable  [49]. In th i s  way our resu l t s  may 
be compared w i t h  available specific heat measurements, for  example. I t  can be 
seen t h a t  the velocity versus pressure curves become extremely sharp near the 
cr i t ical  point .  This is precisely the reason why  we  made more extensive iso- 
choric measurements t h a n  isothermal measurements. For c la r i f ica t ion  th i s  same 
d a t a  is  replot ted in Figs. 11 t h r o u g h  14 for each of the temperatures a t  which 
pressure runs were taken. 
Some remarks on these d a t a  are in order. I t  may be seen from Fig. 14 
t h a t  in the vicinity of the minimum the velocity varies between 180 m/sec and 
120 m/sec for a pressure change o f  1 atmosphere. We were able t o  detect  
pressure changes o f  i0.005 atm with the Bourdon tube gauge. Since over long 
periods there may  be  some d r i f t  i n  the gauge readings and  also hysteresis when 
the gauge is cycled, the absolute pressure cannot be known t o  bet ter  t h a n  
k0.05 atm. The error may  be s l ight ly  larger ,  s ince i t  i s  d i f f i c u l t  t o  correct 
for the effect  of the pressure head  due t o  the height separation o f  the cell 
and the  pressure gauge. In these  isothermal  runs we concluded t h a t  the  coexis- 
tence curve was encountered on the 31 .1O"C isotherm, b u t  no t  on the 31  .2O"C 
isotherm.  Therefore,  the  effective  critical  temperature was  omewhere between 
those two temperatures, in basic agreement  with the d a t a  presented i n  Table 111. 
This would p u t  the critical pressure somewhere  between 72.93 atm and 73.12 atm. 
The crit ical  pressures observed by ear l ier  invest igators  by direct visual 
observation are 72.85 atm [60] and  between 72.84 t o  72.87 atm [61]. The 
discrepancy between our value of P and these la t ter  d a t a  makes i t  d i f f i c u l t  
t o  use the PVT d a t a  of Reference [46] t o  make calculations involving thermo- 
dynamic derivatives  in  the  critical  region. However, we did  carry o u t  some 
calculations f o r  the 40.00"C and the 34.80"C isotherms and also for the 32.1"C 
isotherm, t h o u g h  i n  the latter case our resu l t s  a t  best are only qualitative. 
F i r s t  we replotted the d a t a  as  a function of density using the above mentioned 
PVT d a t a .  This i s  shown in F i g .  15. I t  can be seen t h a t  the minima of the 
velocity versus density curves approach the cr i t ical  densi ty  pc close t o  Tc, 
b u t  these minima occur a t  densit ies below pc away from the  c r i t i ca l  p o i n t .  
Obviously i t  would  be desirable t o  have obtained th i s  d a t a  by measuring the 
density directly and we hope t o  be able t o  d o  such measurements i n  the future. 
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The adiabatic compressibility K~ and the specific heat C, are plotted i n  
F igs .  16a  and b y  respectively, as functions of density a t  40.0°C,  34.8OCY  and 
32.1"C. I t  may be seen tha t  away from the cr i t ical  region the.adiabat ic  
compressibil i ty rises slowly as the density decreases. Near the cr i t ical  point ,  
a  peak appears  near  or below cr i t ical  densi ty .  This same behavior i s  exhibited 
by the isothermal compressibility 1241. The specific heat a t  constant volume 
is  essent ia l ly  independent o f  density, except that near the critical point a 
peak i n  Cv occurs. For comparison, the  experimental  data on Cv of Michels and 
Str i j land [49, 631 has been included. The agreement between our calculated 
values and their  calorimetric data i s  bet ter . than +lo% for  the 40.00"C and 
34.8OoC isotherms. A t  32.10"C the agreement is  poorer. This i s  pa r t i a l ly  due 
to  the  d i f f icu l ty  of taking calorimetric specific heat data near the c r i t i c a l  
p o i n t .  However, t he  sh i f t  between the peak i n  t he i r  experimental  data and our 
calculated values may be due to  the  d i f f i cu l t i e s  we noted above i n  interpreting 
our  isothermal velocity data. 
9.1.2 Sulfur Hexafluoride 
Low frequency sound velocity measurements a re  being made i n  SF6 using 
the resonant cavity technique. We began these using the condenser  microphones, 
as i n  our C02 studies,  b u t  recently we have constructed new c e l l s  employing 
ceramic piezoelectric  plates as sound transducers. Our preliminary  results 
have  been promising; i n  this way  we have  been able t o  eliminate the possibility 
of contaminating the fluid samples since only metal and ceramic elements contact 
the fluid once the  ce l l s  a r e  f i l l ed .  The  new cavity lengths are also shorter. 
We have taken extensive d a t a  w i t h  a ce l l  2.5 cm long and have  begun t o  experi- 
ment w i t h  c e l l s  a s  short  as 0.1 cm. 
Data analysis for SF6 is  complicated by the fact  t h a t  only limited PVT 
measurements i n  t he  c r i t i ca l  region have  been reported  [50].  This has lead to  
some inconsistencies i n  interpreting our r e su l t s .  We consider  here  only d a t a  
obtained fo r  a s ingle  f i l l ing densi ty .  Using the  f i l l ing  procedure  outlined 
previously, we loaded the  tes t  ce l l  a t  49.86"CY i . e .  approxim te ly  4°C above 
T c ,  t o  a density which we calculated t o  be (0.69 2 0.02) g/cm 3 . This should 
be  compared to  our  value of (0.70 * 0.02) g/cm3 for  the cr i t ical  densi ty .  This 
filling yielded the lowest velocity value we have  measured fo r  SF . This was 
54 m/sec a t  45.625"CY as indicated in F i g .  1 7 ,  where we have plot t ed the 
measured sound velocity  versus  temperature.  Table V presents  the cr i t ical  
parameters of SF6 as reported by ear l ier  invest igators .  We have obtained a 
temperature of meniscus appearance i n  a slow unstirred cooling run of  45.57"C. 
The m i n i m u m  i n  the sound velocity at approximately critical density appeared 
a t  45.63"C. 
The velocity measurements presented i n  F i g .  17  were obtained a t  
frequencies ranging from 3 t o  2 kHz, and  we made  them u s i n g  the second harmonic 
of the fundamental longitudinal mode of a2.5 cm cavity. This turned o u t  t o  
have the sharpest response a t  low frequencies. In addition we have taken 
measurements of velocity versus temperature u s i n g  higher harmonics, e.g. the 
20th to the 30th i n  the  frequency  range 30 to  40 kHz. From our preliminary 
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resul ts  we conclude that velocity dispersion does not occur up t o  this frequen- 
cy except a t  very small values of T-Tc. 
1 Reference 
Clegg e t  a1 [SO] 
Wentorf [61] 
MacCormack and 
Schneider [70] 
0.73-0.75 
0.725 
0.73 
45.58 37.10 
45.64-45.68 
37.11 45.547 
37.20 
This i s  i n  agreement w i t h  data obtained by Schneider a t  600 kHz [71]. We have 
plotted his velocity values i n  F i g .  17  and these are only 1 m/sec higher than 
ours  except  very  close  to T . A t  Tc the  difference i s  about  7 m/sec. I t  
should be noted that Schneiier 's  original paper [71] indicated values of 
velocity which  were i n  error  by a factor  of 2.  This was corrected i n  an 
Erratum [72]. Schneider  reports  that his temperature of  meniscus disappearance, 
45.65"CY coincided w i t h  the temperature of the m i n i m u m  velocity i n  the vapor, 
l iqu id ,  and gas phases. This should be compared w i t h  our  observation  of  the 
velocity minimum a t  45.625"C. We should point out that our measurements 
discussed above agree very well w i t h  those we obtained u s i n g  the condenser 
microphone type c e l l s  which f o r  SF6 resonated a t  approximately 500 Hz. 
mined  from these sound velocity values. We assumed p = 0.70 g/cm3 fo r  the 
computations. If  one assumes logarithmic  behavior a t  large  values of T-Tc, 
then deviations from this behavior  occur fo r  T-Tc<O.l"C. From this we m i g h t  
conclude e i the r  t ha t  K~ does not diverge or that the density gradient i s  more 
troublesome i n  SF6 than i n  C02. 
In F i g .  18 we have plotted K~ as a function of T-Tc fo r  SF6 as deter- 
9.2 Acoustic Measurements i n  the Megahertz Region 
9.2.1 Carbon Dioxide 
Preliminary velocity and absorption measurements have  been made i n  
carbon  dioxide a t  1 MHz u s i n g  the acoustic interferometric technique. Measure- 
ments  were taken i n  the gaseous phase as the temperature was decreased to  Tc. 
Since the absorption i s  very h i g h  i n  C O Z Y  the number of cavity length reso- 
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nances detected decreased from about 50 a t  40°C to  5 near the cri t ical  point.  
T h u s  the overall precision o f  this method also decreased as T approached T . 
For c e l l s  loaded to  c r i t i ca l  dens i ty  ve loc i t ies  observed a t  1 MHz agree w i t h i n  
*3% w i t h  those determined i n  the kilohertz region, except for T-T <0.3OC, when 
the kilohertz values become substantially lower. As already notei, the velocity 
m i n i m u m  detected for T-Tc was 110 m/sec a t  1 kHz while a t  1 MHz the lowest 
values approached 130 m/sec. The difference may be due to velocity dispersion. 
However, further data should be taken w i t h  a redesigned f luid cel l  s ince the 
one  used for the measurements reported here had an effective length of approxi- 
mately  10 cm, although the acoustic cavity itself was much shorter. I t  was 
not  possible t o  consis tent ly  f i l l  the  cel l  so t h a t  the small vertical  segment 
where p = pc f e l l  w i t h i n  the  acoustic  cavity. I n  addition,  the sample purity 
for these measurements may  be open to question since the velocity minima 
occurred a t  31.25"C, i.e. substantially higher t h a n  i n  our  kilohertz studies. 
Our a b s o r p t i o n  measurements i n  C O 2  also have yielded only limited data. 
I n i t i a l l y  we obtained data well away from the  c r i t i ca l  region t o  check our 
method. Measurements  were made a t  1 MHz and  50.6"C for  dens i t ies  r ang ing  from 
0.02 t o  0.2 g/cm3, corresponding t o  pressures from 7 t o  80  atm, respectively. 
O u r  r e su l t s  i n  t h i s  range compare well w i t h  those reported by Henderson [59]. 
We then made measurements i n  the  cri t ical   region. In Tab1 VI we present 
typical results, obtained for a mean density p = 0.45 g/cm5 i n  a run where we 
measured the absorptio:] per wavelength an  as a function of temperature as T 
approached Tc from above. Though  the particular cell design used i n  th is  
tes t  leaves much t o  be desired we feel t h a t  these resul ts  are  promising i n  t h a t  
they indicate the method  which may  be used t o  obtain data quite close to the 
c r i t i c a l  p o i n t .  
TABLE YI Absorption  per Wavelength i n  C02 
T 
("C) 
40 
35 
32.2 
31.7 
31.537 
31 .504 
31.480 
31 .443 
31.378 
31.31 0 
31 .253 
31.218 
31.203 
all 
Dimensionless 
.27 
.12 
.18 
.29 
.38 
.41 
.44 
.46 
.57 
-69 
.90 
* 42 
.28 
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9.2.2 Sulfur Hexafluoride 
\ We also  btained more extensive sound velocity and absorption d a t a  in 
/ .- sulfur hexafluoride a t  1 MHz as a function of temperature a t  cr i t ical  densi ty .  
I n  F i g .  1 9  we present o u r  velocity values obtained in the kilohertz and 
megahertz  range as well as Schneider's earlier values [71]. In addition, we 
have included values i n  the hundred MHz region obtained with the light scatter- 
i n g  technique. The la t te r  wi l l  be discussed i n  the  next  section. I t  can be 
seen t h a t  our  1 MHz values l i e  s l i g h t l y  above those obtained by Schneider a t  
600 kHz and far ther  above the velocities we obtained in the kilohertz region. 
The only pronounced difference occurs a t  small values of T-Tc, where our low 
frequency measurements indicate a sharp decrease in velocity. 
Data on the energy absorption per  wavelength an  i s  shown i n  F i g .  20. 
The solid lines represent values obtained by Schneider [71,  721 i n  the liquid 
and vapor  phases. Our values agree qualitatively w i t h  his results b u t  obvious- 
ly our system must be improved t o  yield more accurate results. We can  however, 
consider  in some detail  the  behavior of aA i n  the cri t ical  region. Schneider 
has pointed o u t  t h a t  the large sound attenuation may  be due ei ther  t o  sound 
scattering or t o  a relaxation  process  occuring  in  the cri t ical   region. In 
other experimental studies in progress in our  laboratory on the  behavior of 
binary liquid mixtures, i t  has been determined t h a t  sound scattering does n o t  
play a major role in the critical region. I t  seems reasonable t o  assume, for  
single component fluids in the critical region, t h a t  the large increase in aA 
i s  due t o  an increase i n  the bulk viscosity.  This might be interpreted in 
terms of the makeup and  breakup of c lusters  of molecules during passage of a 
sound  wave. If such a process becomes  more o u t  of phase  with the driving 
force a s  the cr i t ical  point  is  approached i t  would contribute t o  an increase 
i n  sound absorption. More precise  absorption d a t a  i s  needed before one may 
determine the applicability of recent theoretical studies o f  such phenomena [35]. 
9.3 __ Light ~- Scattering ~~ Measurements and Velocity  Dispersion 
We have carried o u t  l ight  scat ter ing measurements in sulfur hexafluoride 
in the vapor  phase and  also in the g a s  phase above Tc, examining the spectrum 
of the Brillouin lines. Measurements  were made a t  eight  temperatures between 
20 and 55"C, b u t  no closer t o  Tc t h a n  4°C. From the  frequency sh i f t s  AvB of 
the Brillouin lines we have determined the velocity of  sound a t  a frequency of 
the order of 400 MHz. O u r  values agree well w i t h  those obtained by Ford e t  a1 
(private communication) in a more detailed study, and these d a t a  are compared 
i n  Fig. 19. As yet we have n o t  been able t o  obtain sufficient resolution of 
the scattered light spectra t o  be able t o  calculate the high frequency sound 
absorption coefficient from Brillouin line width measurements. 
I t  i s  of in te res t  t o  compare the high frequency sound velocit ies 
obtained by other workers i n  C O 2  [73] u s i n g  light scattering techniques with 
the values we have measured u s i n g  acous t ic  methods. These d a t a  are presented 
i n  Fig. 21. We have included  values  obtained  acoustically  in  velocity  versus 
pressure studies in the frequency range 0.2 t o  2.0 MHz by various workers [73]. 
57 
I 
130 I I I I I 1 I I I 1 I 1 1 I I I I 1 - 
120 - - 
110 - 
- 
100 - 
n 
aJ u 
\ 
ul 
E 
>- 
I- 
0 
0 
w > 
- 
v 90 - 
U 
- 
2 80 - 
n 
- 
z 
0 
3 
v) 
70 - 
- 
60 - 
- 
50 - 
- 
40 I I I 1 I I I I I I I I I I I I I 1 
45 46 47 48 49 50 51 52 53  54 
400 MHz - This work .- 
I 
1 MHz - This  work 
600 kHz - Reference [71] 
-2-3 kHz - This  work i I 
TEMPERATURE ("C) 
FIG. 19. SOUND YELOCITY AS A FUNCTION OF TEMPERATURE IN SF6 AT  CRITICAL  DENSITY. 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
44 
I 1 1- I 
0 1 MHz - T h i s  work 
"- - 600 k H z  - References [71, 721 
45 46 
TEMPERATURE ( " C )  
47 
FIG. 20. SOUND ABSORPTION  PER WAVELENGTH AS A FUNCTION OF TEMPERATURE I N  SF6. 
m 
0 
220 
200 
180~ = 
160 
140 
120 
100 
I 1 1 I 1 I I I I I 1 I 1 I I 1 1 I 
200 kHz - 2 MHz - Reference [73] 
\l kHz - T h i s  work 
I I I  
1 
31 32  3 34 35  36  37 38 39 
TEMPERATURE ("C) 
FIG. 21. SOUND VELOCITY AS A FUNCTION OF TEMPERATURE I N  C02 AT CRITICAL  DENSITY. 
I t  i s  known that  re laxat ion of the vibrational specific heat occurs i n  h i g h  
density C02 i n  the low megahertz region [58, 591 and this accounts fo r  much of 
the velocity dispersion noted a t  the la,rger values o f  T-Tc [73J. As the 
cri t ical  region is  approached, however, i t  appears from the velocity data that 
another form o f  relaxation process must become effective.  Gammon e t  a1 [73] 
ascribed the additional velocity dispersion noted between the low megahertz 
values and their  l ight  scat ter ing ones t o  a structural relaxation involving 
cluster formation and dissolution. The rather large disperison noted i n  our 
low frequency velocities, as indicated i n  F i g .  21 fo r  T-Tc<0.6"CY further 
confirms such a conclusion. 
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X. CONCLUDING REMARKS 
Much can be learned a b o u t  the behavior of f lu ids  i n  the vicinity of 
cr i t ical  points  by applying  acoustic and light  scattering  techniques. Dur ing  
the pas t  two years our  g roup  in the Physics Department of John Carroll Univer- 
s i t y  has developed precise methods f o r  making measurements i n  f luids  such as  
carbon  dioxide and sulfur hexafluoride in the critical region. We have extended 
the range of appl icabi l i ty  o f  acoustic and  l ight  scat ter ing methods t h a t  we 
developed for earlier extensive studies of l iquids.  We now are able t o  accur- 
a te ly  determine the velocity and absorption o f  sound in the frequency range 
from 1 kilohertz t o  several megahertz i n  the  cri t ical   region. We also have 
perfected techniques for carrying o u t  detai led l ight  scat ter ing s tudies .  
From extensive d a t a  already obtained we have shown t h a t  i t  i s  f e a s i b l e  
t o  take precise low frequency isochoric sound velocity measurements i n  s ingle 
component f luids  i n  the critical region. From such resu l t s  we are able t o  
determine the behavior of the a d i a b a t i c  compressibility K~ and the constant 
volume specific  heat C as well as   the i r   c r i t i ca l  exponents. We have concluded, 
subject t o  possible moiifications t h a t  await satisfactory theoretical calcula- 
tions of the effect  of gravity induced density gradients, t h a t  in carbon dioxide 
K~ has a logari thmic singularity for E = (T-Tc)/Tc<3 x 10-2 and for  T>Tc along 
the  critical  isochore.  Furthermore, combining the  results of our velocity 
measurements with available thermodynamic d a t a  we deduce t h a t  C v  may also be a 
logarithmically  diverging  function o f  T-Tc for  ~ < 3  x although  behavior 
of  the form Cv -(T-Tc)-a ,  w i t h  a small b u t  n o t  zero, cannot  be ruled o u t  i f  
the  region E <2xlO-4 i s  considered  separately. We have also  obtained  acoustic 
a n d  l ight   scat ter ing d a t a  i n  sulfur  hexafluoride. In the  critical  region 
density gradients appear t o  cause more severe problems in SF6 t h a n  in CO2 a t  
comparable relative  temperatures. Also necessary PVT d a t a  i s  n o t  so readily 
available fo r  SFg. For these  reasons  further d a t a  will have t o  be obtained 
before definite conclusions may  be drawn regarding i ts  cri t ical  point behavior.  
We plan t o  continue our  acoustic and l i g h t  scattering studies of f luids  
in  the c r i t i ca l  region. To improve our resul ts  we are  modifying the  temperature 
control systems used with our l ight scattering setups and are modifying our 
acoustic cells so t h a t  measurements may  be taken on samples of smaller height 
t o  reduce errors associated w i t h  density gradients. We hope also t o  be able 
t o  o b t a i n  d a t a  on the sound absorption coefficient b o t h  a t  low frequencies 
where measurements of the frequency response of the resonant acoustic cavities 
now seem feasible  and also from l ight  scat ter ing measurements by improving 
our  systems for resolving the Brillouin lines. 
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APPENDIX A NOMENCLATURE 
! a sound energy absorption coefficient 
1. C speed o f  l i gh t  i n  vacuo 
t 
I 
cP 
cV 
specific heat a t  constant pressure 
specific heat a t  constant volume 
C ( C v  ) specific  heat a t  constant volume of  the  liquid  (vapor) phase 
FVL Helmholtz f ree  energy 
9 
IB 
2 
+ 
kO 
ki  
R 
m 
n 
P 
Q 
S 
T 
TC 
U 
u i  
V 
v C  
gravitational  acceleration 
intensi ty  of l ight  scat tered into one Brillouin line 
intensity of l ight  scat tered i n t o  the Rayleigh l ine  
scattering wave vector 
wave vector of the incident light 
wave vector of  the scattered l ight 
Bo1 tzmann constant 
length of  the resonant cavity 
mass of f l  u i d  
refract ive index 
pressure 
cri t ical   pressure 
heat 
entropy 
absol Ute temperature 
cri tical temperature 
sound velocity 
corrected sound velocity;  see E q .  (49) 
specif ic  volume = l /p  
c r i t i ca l  spec i f ic  volume 
a , a ' , a "  c r i t i c a l  exponents for  the  specific  heat a t  constant volume 
a P 
thermal  expansion coefficient 
vapor phase 
6 c r i t i ca l  exponent for  the d nsity  difference between liquid and 
r factor  occurring  in  the sound absorption  coefficient 
corrected r; see Eq. (48) 
c r i t i c a l  exponents for the isothermal compressibility 
= C /C - r a t io  of specific heats 
deviation of  the dielectric constant from i t s  equilibrium value 
(corrected) linewidth of the Brillouin lines 
(corrected) linewidth of the Rayleight line 
c r i t i ca l  exponent for the cri t ical  isotherm 
= (T-Tc)/Tc; relative temperature difference 
bulk or volume viscosity 
shear viscosity 
sca t te r i  ng angl  e 
adiabatic compressibility 
isothermal compressi b i  1 i ty 
isothermal compressibility of the 1 i q u i d  (vapor) phase 
acoustic wavelength 
wavelength of l i gh t  
= T / ( p C  ); thermal d i f fus iv i ty  
frequency 
frequency s h i f t  of the Bril louin 1 ines from the frequency of the 
incident 1 i g h t  
long range correlation length 
generalized critical exponent 
mass density 
cr i   t ical  mass density 
mass density o f  the liquid 
mass density of the vapor 
1 ifetime of the entropy fluctuations 
thermal conductivity 
molecular polar izabi l i ty  
P v y  
P 
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